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ABSTRACT
A panel of 48 single nucleotide polymorphism markers (SNPs) was developed for use in 
a population genetic analysis of the Eastern Oyster Crassostrea virginica sampled from 
the lower Chesapeake Bay. The SNPs were developed from published and unpublished 
sequencing data and developed to be used on a Fluidigm Biomark. A selection of 95 
SNPs were chosen initially for development and the best 48 were selected for 
downstream applications. This project was a collaboration with the non-profit 
Chesapeake Bay Foundation (CBF) to examine their oyster reef restoration project in the 
Lafayette River, Virginia. The CBF wanted to test a hydrodynamic connectivity model 
designed to predict where oyster larvae produced in the Lafayette River would settle 
within the river. To test the model, oysters from Tangier Island, VA and the Haskin NEH 
hatchery strain were planted in the Lafayette River at locations corresponding to locations 
within the model with the expectation that the oysters would spawn the following 
summer. Baseline geographic oyster samples were taken from the nearby rivers; the 
Lafayette, Elizabeth and James Rivers before deployment of the planted test oysters. 
Newly recruited oyster spat were sampled from the Lafayette River in the summer 
following deployment of the planted test oysters. The baseline samples and spat were 
genotyped and compared to each other with the panel of 48 SNPs. Assignment tests were 
performed to identify the source population(s) for the spat. There was no population 
structure defined by Fst values among oysters sampled from the lower Chesapeake Bay. 
The Haskin NEH oysters were genetically different from the other oysters in the study; 
however, the Tangier Island oysters were not different from the oysters in the lower
Chesapeake Bay. The low Fst values among the oysters from the lower Chesapeake Bay 
suggest that the connectivity of the reefs is high. The hydrodynamics of the region mix 
drifting larvae produced by oysters across the region as seen in the genotypic profile of 
the spat recovered in the Lafayette River. Heterozygote deficiencies suggestive of a 
Wahlund effect were observed; however, high rates of migration likely work to counter­
balance stable population substructure. Alternatively, the heterozygote deficiencies could 
represent hidden variation not accessible by the methods used in this thesis. Some 
population structure exists with increasing geographic distance consistent with a pattern 
of isolation by distance among the populations sampled for this project. Assignment tests 
did not identify any spat as a product of the NEH oysters and assignment of spat to 
Tangier Island origin is inconclusive. The genetic data obtained were not able to provide 
unequivocal support for the predictions of oyster spat distributions by the connectivity 
model, although, the data do support the overall circulation patterns in the region 
predicted by the model.
OYSTER REEF CONNECTIVITY INFERRED VIA POPULATION GENETIC
ANALYSIS
OR
POPULATION GENETICS OF THE EASTERN OYSTER, CRASSOSTREA 
VIRGINICA: EXAMINATION OF RESTORATION IN THE LAFAYETTE RIVER,
VIRGINIA
1
INTRODUCTION
Population Connectivity
Marine population connectivity is concerned with how populations are related and 
connected. Population in this thesis is defined as a group of conspecifics living in the 
same geographic area at the same time that have reproductive continuity as described by 
Waples & Gaggiotti (2006). Population connectivity can drive patterns of genetic 
diversity (Hedgecock, 1986), local recruitment (Christie et al. 2010), and abundance 
(Lotterhos et al. 2013). A review by Pineda et al. (2007) describes population 
connectivity as a function of several processes for organisms with a larval planktonic life- 
history strategy. First, larval transport is a consequence of physical processes that move 
larvae, as well as larval responses to environmental stimulus. Second, in addition to larval 
transport, larval dispersal involves the additional influences of larval survival and 
eventual settlement, metamorphosis, and recruitment. Finally, post-larval survival to 
reproductive maturity is necessary for populations to be connected.
Population connectivity is important because it has implications for the 
management of species for economic reasons, management of reserve areas, and 
restoration activities. Furthermore, understanding population connectivity facilitates the 
prediction of how species respond to environmental perturbations (Werner et al. 2007). 
Managing a widely distributed species without considering connectivity fails to account 
for potentially important regional interactions.
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This thesis directly examined connectivity in the context of post-larval survival by 
sampling oyster spat and adult oyster populations. Spat are post-larval oysters that have 
settled out of the plankton and undergone metamorphosis. Moreover, this project also 
examined larval transport and dispersal with a hydrodynamic model parameterized to 
predict oyster spat distribution patterns.
Processes contributing to marine population connectivity can be measured and tested 
with a variety of methods (Cowen et al. 2007k Field observations of larval distributions 
at different spatial and temporal scales (Southworth & Mann, 1998; Baker & Mann,
2003) and quantification of larval settlement and recruitment (Michener & Kenny, 1991; 
O’Beim et al. 1995) are used to gauge larval dispersal and post-larval survival. Three- 
dimensional hydrodynamic models used to understand oceanic and estuarine circulation 
patterns have been coupled to larval behavioral models to predict oyster larval 
distributions and settlement into adult habitat (North et al. 2008; Kim et al. 2010: Haase 
et al. 2012; Narvaez et al. 2012). Other methods are also widely used for assessing 
connectivity, such as examining geochemical markers in ossified tissue and genetic 
markers (Thorrold et al. 2002; Jones et al. 2005; Carson et al. 2013). Genetic markers 
used in the references cited demonstrate gene flow between populations and can be used 
to infer degrees of connectivity, which can be difficult to quantify. Marine population 
connectivity is a complex topic that benefits from use of this diverse set of methods.
Research integrating the disciplines of hydrodynamic modeling, marine biology, 
landscape ecology, and population genetics to examine population connectivity are 
referred to as “seascape genetics” (Galindo et al. 2006). One of the earliest projects to 
incorporate these disciplines assessed the dispersal scale of Mytilis mussel populations
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off southwestern England (Gilg & Hilbish, 2003). Galindo et al. (2010) compared 
connectivity model predictions with observed genetic patterns of Balanus barnacle 
populations in coastal California to understand how larval dispersal influenced population 
connectivity. Berry et al. (2012) used a connectivity model and population genetics to 
disentangle the relative importance of larval dispersal versus adult migration in an 
Australian reef fish Lethtinus nebulosus. Using a combination of hydrodynamic 
modeling, marine biology and population genetics, projects such as these can begin to 
answer research questions formerly difficult to examine.
Population Genetics
Crassostrea virginica has a larval planktonic period sometimes extending up to 
three weeks (Galtsoff, 1964). Reeb and Avise (1990) hypothesized that populations of C. 
virginica spread along the Atlantic coast of the United States would lack genetic 
population structure. They thought the absence of population structure existed because 
populations were likely connected over large distances due to oceanic currents mixing the 
drifting larval pool and the settling larvae would be a representative mix of all the nearby 
populations. Using mitochondrial DNA (mtDNA), Reeb and Avise (1990) found that 
there was a genetic discontinuity in C. virginica populations along the east coast of 
Florida. They attributed this genetic feature to historical populations that were not 
continuously distributed due to lower sea levels during a glacial maximum. Hare and 
Avise (1996) further resolved this discontinuity utilizing nuclear DNA markers in 
addition to mtDNA markers, but they suggested that contemporary hydrographic or
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physiographic barriers maintained the observed population structure. Weak currents flow 
in and out of the lagoons in the area of the study and the lagoons are poor habitat for 
reproductive and larval oysters. At a smaller spatial scale, Rose et al. (2006) found 
significant levels of population differentiation among Chesapeake Bay sub-estuaries that 
reflected isolation by distance. It was noted by the authors that the genetic differences 
among populations could be a product of anthropogenic restoration events. They 
reasoned that because people had actively moved oysters throughout the region, the 
genetics of the populations under consideration were affected. Varney et al. (2009) found 
significant differentiation among C. virginica populations throughout the Gulf of Mexico 
using mtDNA and nuclear DNA markers. Together, these studies suggest that, distinct 
population structures exist despite the long larval, planktonic period of C. virginica.
Genetic markers have been used to track the source of recruiting juveniles in 
shellfish restoration projects. Milbury et al. (2004) successfully detected genotypes 
known to be specific to oysters planted for restoration in Delaware Bay based on both 
sequencing and restriction fragment length polymorphism analysis of the mitochondrial 
16S rRNA gene. The percentage of recovered spat as a consequence of restoration was 
low; however, the authors concluded that the results demonstrated planted oysters were 
contributing to reproduction. Wilbur et al. (2005) did not find statistically significant 
contributions by restoration animals to newly settling bay scallops on the west coast of 
Florida based on sequencing of two randomly amplified mtDNA fragments. They did 
observe a large increase in abundance of scallops post restoration, which they attributed 
to the influence of planted restoration scallops. They ascribed the lack of a genetic signal 
to advective loss and dilution of the restoration genotypes by wild genotypes. In 2002, the
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Virginia Marine Resources Commission working with Virginia Institute of Marine 
Science researchers planted a selectively bred strain of oyster in the Great Wicomico 
River, Virginia. Spat collectors (wire cages containing cleaned oyster shell deployed into 
estuaries to sample oyster spat from a breeding season) were deployed to capture settling 
larvae and their genotypes were examined (Hare et al. 2006, Carlsson et al. 2008). The 
number of spat resulting from the oyster planting was lower than expected; however, the 
study did show that restoration strains of oysters could be identified using mtDNA and 
microsatellite genetic markers (Hare et al. 2006, Carlsson et al. 2008). The absence of a 
genetic signal from restoration animals represents several possible outcomes: restoration 
animals are not contributing to successive generations, restoration animals do not 
contribute to every spawning event, restoration animals’ contribution is not detectable 
due to small contribution, or limitation by methods used in the study. Population genetic 
methods have had limited success identifying contributions of restoration versus wild 
shellfish in recruiting individuals; however, newly developed markers offer more 
statistical power.
This thesis used single nucleotide polymorphism (SNP) markers. SNPs are single 
base pair differences in a species’ genome sequence that can be use to identify 
individuals. These single base pair differences can be leveraged to infer ancestry and 
population membership. The use of SNPs is desirable because they are more numerous in 
the genome than microsatellites, theoretically they could provide higher resolution, 
greater genome coverage, and higher statistical power in population studies if a sufficient 
number of markers is used (Morin et al. 2004, Garvin et al. 2010). Microsatellites can be 
prone to subjective interpretation and transferability of markers between laboratories can
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be challenging, while SNPs are not subject to the same limitations. Crassostrea virginica 
is prone to mutation at levels higher than that of other well-studied organisms, making 
the use of microsatellites exceptionally challenging for this species due to the high 
incidence of null alleles (Reece et al. 2004). SNPs were used in this study because they 
hold promise of higher power and few studies have used these markers in a population 
genetic context for C. virginica.
Effective Population Size and Sweepstakes Reproductive Success
Effective population size, an important population genetics concept, is the number 
of individuals in an ideal population that exhibit the same amount of genetic drift and 
mutation as the observed population. Essentially, the effective population size is the 
number of adults that have contributed to successive generations and is generally smaller 
than the census population size. Inbreeding, genetic drift, natural selection, and 
population bottlenecks can influence effective population size and, as a result, estimates 
can be used to infer population demographics. One method to calculate effective 
population size is: Ne=(4N -  2)/(Vk + 2), where Ne is effective population size, N is the 
sexually mature population size, and Vk is the variance in offspring production among 
adults (Wright, 1938). Consequently as the variance in reproductive success increases, 
the effective population size decreases because fewer individuals contribute to future 
generations. The values of N and Vk can be difficult to estimate, and as a result, other 
parameters are used to estimate Ne. One commonly used method, linkage disequilibrium 
(LD) (Waples & Do, 2008), uses allele frequencies, which are frequencies of alternative
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versions of genes at the same genomic location, to estimate the non-random association 
between alleles at different loci. This association can be a product of physical linkage, but 
in this context, may be due to inbreeding in a small breeding population.
Sweepstakes reproductive success (SRS) describes a situation where the variance 
of reproductive success is so large that only a small proportion of the breeding adults are 
contributing most of the gametes to a new generation. The concept of SRS was first 
developed as a theoretical consequence of larval dispersal in broadcast spawning marine 
invertebrates (Hedgecock, 1982). The variance of reproductive success is determined by 
many stochastic variables including, but not limited to, probability of fertilization, food 
availability, predation, environmental parameters, successful recruitment, and survival to 
sexual maturity. Hedgecock and Pudovkin (2011 and references therein) review examples 
of sweepstakes in numerous organisms and they suggest that SRS can serve as a null 
hypothesis when examining larval dispersal in broadcast spawning marine invertebrates. 
Deviations from the expectation of SRS would indicate that some additional force is 
influencing larval dispersal. Although identifying a single or set of variables responsible 
for SRS is very difficult, SRS events can explain observed patterns relevant to studying 
larval dispersal.
A general assumption typically made by restoration projects is that the individuals 
planted for restoration will contribute to subsequent generations, albeit with high inter­
annual recruitment variability. The lack of evidence to support the hypothesis that the 
planted individuals contribute to the gene pool could be explained by the occurrence of 
SRS. On the order of one to two years this variability can be manifest; however average 
contributions might be detectable on longer time scales (Hedgecock and Pudovkin,
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2011). The difficulty in identifying potential SRS is structuring sampling in a way that 
can capture distinct cohorts. SRS can obscure the contribution of transplanted oysters to 
subsequent generations when wild animal progeny outnumber the progeny of restoration 
animals. Milbury et al. (2005) suggested this as an explanation for their results although 
they did not call it SRS. Furthermore, SRS also suggests that observed contribution by 
restoration animals could cause either overestimates or underestimates of long-term 
contributions depending upon specific sweepstakes events. A properly designed and 
funded study would benefit from multiple years of monitoring to account for the possible 
influence of SRS on the results.
Crassostrea virginica Biology
The Eastern Oyster, Crassostrea virginica (Gmelin, 1791), is a gregarious, sessile 
bivalve mollusc that is ecologically and commercially important (Banks et al, 2007). 
Crassostrea virginica can form large reefs typically located in the intertidal and subtidal 
zones of estuaries (Yonge, 1960). The historical distribution of C. virginica spans the 
Western Atlantic coast of North America from the Gulf of Saint Lawrence, Canada down 
the East Coast of the United States, including the Gulf of Mexico to the Yucatan 
Peninsula (Yonge, 1960). Crassostrea virginica begins life as a free-floating fertilized 
egg that is the result of gametes released by adults in broadcast spawning events (Yonge, 
1960). A rapid increase in water temperature in the early spring will induce oysters to 
spawn (Galtsoff, 1964) and, because C. virginica is iteroparous, individual oysters can 
spawn multiple times during the warmest months of the year. Historically, in the
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Chesapeake Bay, a major spawning event typically occurs in the spring followed by 
several minor spawning events in the summer and a second major spawning event in the 
fall (Thompson et al. 1996). Mann et al. (2014) has observed that spawning in the 
Piankatank River, a tributary of the Chesapeake Bay, has ceased after midsummer and no 
reproduction occurs in the fall. Fecundity in females is size dependent and has been 
observed to range from 105 to 1.2x108 eggs (Mann et al., 2014). The eggs are heavier 
than water, but can remain suspended by currents (Galtsoff, 1964). Four to six hours after 
fertilization, lateral bands of cilia form and start to beat, creating a water current that can 
propel larvae vertically, but not laterally, in the water column (Galtsoff, 1964). This first 
larval stage is a free-swimming plankter referred to as a trochophore. After 24 to 48 
hours, the trochophore will develop into a veliger (Galtsoff, 1964).
The veliger life stage is essential to the dispersal and distribution of C. virginica 
because it is the longest mobile period of the entire life history of the oyster. The veliger 
has two distinct valves of calcium carbonate into which the individual can completely 
retract for protection (Kennedy, 1996). A ciliated velum is used to select and capture food 
particles in addition to providing limited locomotion in the water column (Yonge, 1960). 
The veliger remains in the water column as a plankter subject to currents and tides 
(Kennedy, 1996). Similar to the trochophore stage, lateral movement is due to the 
predominant direction of water flow; however, larvae retain the ability to move vertically 
(Kennedy, 1996). Veligers tend to remain near the halocline to take advantage of 
changing tidal currents (Dekshenieks et al. 1996). Sinking during ebb or slack tides and 
upward swimming during flood tide can result in movement up estuary (Galtsoff, 1964)
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and this, along with movement via the prevailing currents, provides a mechanism for 
larval dispersal and transport of C. virginica.
After two to three weeks, the veliger will develop further into a pediveliger 
(Yonge, 1960), possessing an enlarged foot, an eyespot, and a statocyst. These organs are 
used to search for suitable substrate for settlement such as oyster shell, rock, wood, metal, 
glass, or rubber (Galtsoff, 1964). Surfaces that are oily or heavily fouled are unsuitable 
for settlement. Haywood et al. (1995) investigated the efficacy of alternative substrates 
for oyster reef construction. Concrete and limestone showed significantly higher spat 
settlement than other materials tested and are favored by many restoration projects 
because of their low cost. The pediveliger exhibits negatively phototactic behavior and 
tends to settle on the undersides of rocks and oyster shells, living or dead (Kennedy 
1996). Hidu (1969) demonstrated that oyster shell already occupied by spat can attract 
significantly more spat; however, no specific compound released by spat has yet been 
identified as responsible for this effect (Kennedy, 1996). Although adult oysters are 
sessile, the initial settlement by a pediveliger is not immediately permanent. This larval 
stage retains some mobility until a suitable site has been found (Yonge, 1960). The oyster 
becomes permanently attached when the byssus gland discharges a cementing compound 
and the larvae undergoes metamorphosis where irreversible changes occur physically and 
physiologically (Galtsoff, 1964). Some larval organs, such as the velium, foot, and 
anterior abductor muscle are reabsorbed and permanent organs are rearranged. An oyster 
spat is the first completely sessile stage and resembles a tiny adult oyster. Growth after 
settlement can be rapid, with spat reaching more than 40 mm in length during the first 
year (Galtsoff, 1964).
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Mortality of oysters through predation can be high, especially in the early stages 
of life and can influence realized rates of settlement. When oysters exist as plankters they 
are susceptible to filter feeders such as anemones, cirripedes, clupeides, ctenophores, and 
bivalves (Kennedy 1996). As oysters grow larger, specialized predators are capable of 
compromising the oyster’s shell. Settled spat on shell are preyed upon by Callinectes 
sapidus (crab), Stylochus ellipticus (flatworm), Urosalpinx cinera (gastropod), and mud 
crab species. Cultchless spat (individual oysters not attached to other oysters) that have 
been used in restoration projects have lost the predator refuge advantage of the oyster reef 
structure and are more easily eaten by C. sapidus and cownose ray, Rhinoptera bonasus 
(Kennedy, 1996; Hare et al. 2006). Crabs, carnivorous gastropods, and fish species such 
as Pogonias cromis are known to feed on adult oysters (Galtsoff, 1964). These various 
predators can influence populations of oysters by exploiting different life stages and 
causing high mortality.
Hydrodynamics of the Lower Chesapeake Bay
The James, Elizabeth, and Lafayette Rivers, tributaries of the Chesapeake Bay, 
are located near each other and their hydrodynamics are interconnected (Figure 1). The 
James River is a partially stratified estuarine river system in which less dense freshwater 
moves downriver on the surface (Pritchard, 1952). The more dense salt water moves up­
river driven by gravitational circulation. The riverine flow towards the mainstem of the 
bay interacts with a gyre that develops on the Hampton Flats at the confluence of the 
James and Elizabeth Rivers. As these water masses interact, a frontal system develops
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that mixes the water during flood tide and drives water from the James downwards to 
depths and upriver into the James, entraining larval oysters (Mann, 1988). This 
circulation pattern is thought to be important for maintaining oyster reefs mid-river 
around Burwell Bay by transporting oyster larvae up-river (Ruzecki & Hargis, 1989). The 
frontal system weakens during ebb tide and both dye experiments and three-dimensional 
modeling demonstrate that this water mass further mixes and enters the Elizabeth and 
Lafayette Rivers (Shen et al. 1999). Water masses within the Elizabeth and Lafayette 
Rivers are also known to interact and enter the James River. The harmful algal bloom 
species, Cochlodinium polykrioides, has been known to initiate large blooms in the 
Lafayette River and spread into the Elizabeth and James Rivers (Mulholland et al. 2009). 
Field observations and three-dimensional modeling have demonstrated that these blooms 
can rapidly spread in one to two weeks, and approach maximum distribution in the James 
River at 24 days (Morse et al. 2011). Wind driven circulation combines with tidal front 
mixing to disperse the blooms. The temporal extent of the circulation patterns within the 
lower Chesapeake Bay is such that larval oysters could easily disperse between reef 
locations in the region.
Connectivity Model
In 2012, a hydrodynamic modeling group located at the Virginia Institute of 
Marine Science (VIMS) was contracted by the Chesapeake Bay Foundation (CBF) to 
develop a connectivity model (Sisson & Shen, 2012). The purpose of the model was to 
simulate the larval dispersal and settlement of oysters originating in the Lafayette River.
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CBF oyster restoration project managers wanted to know whether oyster larvae produced 
in the river would be retained and settle to become adults in the system. This model is a 
modification of the VIMS three-dimensional Hydrodynamic Eutrophication Model 
(HEM-3D; Sisson et al. 1997). The James and the Elizabeth Rivers were included in the 
model because their hydrodynamics influence that of the Lafayette River. The model’s 
lateral resolution within the Lafayette River is about 50-100 m. Freshwater inputs into the 
James River used in the model were obtained from USGS gauges on the James River at 
Richmond, and on the Appomattox and the Chickahominy Rivers, which are tributaries 
of the James River. The Elizabeth River freshwater inputs come from urban runoff, and 
consequently, fluctuate with precipitation. Salinity information was derived from the 
Chesapeake Bay model based upon hourly reports from the summer of 2008. Eleven 
release locations chosen by the CBF were modeled as oyster spawning sites within the 
Lafayette River. Reef size was set at 4047 square meters (one acre) with a million larvae 
released per square meter. Larvae were released from the bottom and a daily mortality 
rate was applied at 0.18 day'1 (Sisson and Shen, 2012). Simple oyster larval behaviors 
were also incorporated, where the larvae swim upwards for a predetermined time after a 
change in salinity threshold is detected as per North et al. (2008). The simulation was run 
for 222 virtual days and the larval component ran the last 21 days equaling a 14-day 
planktonic phase and a 7-day settlement phase. Additionally, the model was run with and 
without runoff using averaged rain gauge measurements for 2008 as a typical year. This 
model predicted that the majority of the oyster larvae produced in the Lafayette River 
will be retained in the system until settlement (Figure 2).
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Impetus and Rationale
The impetus for this thesis project has its origins in the restoration efforts of the 
Chesapeake Bay Foundation (CBF). Since 1999, CBF has constructed six artificial oyster 
reefs in the Lafayette River, Virginia using methods that can be divided into two 
categories: substrate supplementation, which includes placing crushed rock, concrete 
artificial reefs (known as reef-balls), or oyster-shell; and population supplementation, 
which includes planting spat attached to crushed rock, spat attached to reef-balls, spat 
attached to oyster shell, or cultchless oysters (single oysters not attached to anything).
The Sisson and Shen (2012) connectivity model is considered by CBF to be a valuable 
decision-making tool, helping to plan new reef locations in the river, such as the Knitting 
Mill Creek reef. CBF oyster restoration project managers wanted to test the model 
building upon a previous collaboration with researchers at VIMS using genetic markers 
to examine restoration efforts in the Great Wicomico River, Virginia.
In order to test the Sisson and Shen (2012) connectivity model, two hatchery- 
reared oyster strains were planted separately during the summer of 2013. The oyster 
strains were planted at two different reefs locations corresponding to locations of 
simulated larval releases within the model. The two strains of oyster chosen included 
wild oysters collected near Tangier Island, VA strip spawned at a hatchery and the 
NorthEastem High-survival strain (NEH) commercially available from Rutgers 
University’s Haskin Shellfish Hatcheiy. The oysters were allowed to overwinter after 
transplantation into the Lafayette River and during the following spring of 2014 
volunteers and CBF deployed spat collectors within the Lafayette River. The collectors
15
were retrieved in the fall of 2014 for spat tissue sampling. Genotypes of the spat samples 
were examined at VIMS and compared to reference oyster samples to determine to which 
source the oyster spat were most likely related. The reference oyster samples for this 
study consisted of the deployed NEH oysters, the parents of the deployed Tangier Island 
spat, and wild oysters collected in the rivers (Lafayette, Elizabeth, and James Rivers) 
surrounding the deployed oysters. A distinction will be made in this thesis for a 
geographic sample, which is a putative population, and an individual sample, which is an 
individual oyster selected from a geographic sample. This investigation sought to 
examine if the sampled spat could be identified as coming from a distinct geographic 
sample and conform to the expectations made by the Sisson and Shen (2012) connectivity 
model.
Significance
The overall objective of this project was to provide CBF oyster restoration 
managers with information to guide their long-term objectives in the Lafayette River.
This study examined the hypothesis that the planted oysters are contributing to 
subsequent generations. A long-term monitoring program would be ideal to account for 
the effects of recruitment variability resulting from sweepstakes reproductive success and 
provide a more robust dataset for decision-making. The data analysis from this project 
will supplement the Sisson and Shen (2012) connectivity model as a tool that CBF 
restoration managers can use to evaluate current strategies and possibly modify future 
plans for the Lafayette River. The inclusion of genetic analysis will provide the
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opportunity to examine local recruitment versus that from more distant sources (i.e., from 
the Lafayette River versus the Elizabeth or James Rivers). Furthermore, as population 
genetic study of C. virginica in the lower Chesapeake Bay using SNPs had never been 
completed, this work provides insight into the genetic population structure of these 
oysters.
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OBJECTIVES
The component objectives of this study were the following:
1. Develop and test a panel of 48 single nucleotide polymorphism (SNP) markers 
identified for Crassostrea virginica from published and unpublished data. These 
SNPs were then used to produce genotypes for a population genetic study of C. 
virginica in the lower Chesapeake Bay.
2. Determine the level of genetic differentiation among the NEH, Tangier Island, 
Lafayette, Elizabeth, James, and Great Wicomico River oysters. The Great 
Wicomico River oysters were included to serve as an outgroup or reference point. 
This information was used as a baseline to test against the spat collected in the 
Lafayette River during the summer of 2014.
3. Determine the likely source(s) for the spat collected in the Lafayette River during 
the summer of 2014. This objective tested whether any of the sampled spat were 
likely related to the planted oysters derived from either Tangier Island broodstock 
or the NEH strain.
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HYPOTHESES
The hypotheses corresponding to the component objectives of this study were the 
following (there are no hypotheses for the first component objective):
2) The null hypothesis (Ho) is that there is no genetic structure among the sampled 
groups. This implies gene flow between groups either through migration by larval 
transport or anthropogenic transport of oysters. The alternative hypothesis (H a) is 
that there is population structure among sampled groups. The finding of genetic 
structure among wild populations would suggest some barrier to gene flow. The 
wild versus hatchery strains would likely demonstrate significant structure 
compared to wild populations due to artificial selection and inbreeding common 
in hatchery oyster strains.
3) The null hypothesis (Ho) is that the spat collected from the Lafayette River in 
2014 will have an equal probability of being related to oysters in the Lafayette, 
Elizabeth, or James Rivers. This would be indicative of migration and gene flow 
between these river systems. The alternative hypothesis (H a) is that the spat will 
have a higher probability of being related to the Lafayette River oysters. A barrier 
to migration from the nearby river systems would restrict gene flow and decrease 
the probability that the newly settled spat are related to oysters outside the 
Lafayette River. Furthermore, if the Tangier Island or NEH oysters were 
successfully contributing to new spatfall, a barrier to gene flow into the Lafayette
19
River would increase the probability of detecting progeny from the planted 
oysters. This assumes that the planted oysters reproduced, that their progeny 
survived, and were sampled.
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METHODS
Experimental Oyster Plantings
CBF planted two oyster strains separately at two different reefs within the 
Lafayette River during the summer of 2013. The reefs were chosen because they 
coincided with release locations of virtual oyster larvae within the Sisson and Shen 
(2012) connectivity model. About 1.8 million hatchery-raised Tangier Island oysters were 
deployed as spat attached to cleaned oyster shell on the Granby Street Bridge reef (Figure
3). These were spawned from oysters (nfemaies=35; nmaies= 12) collected from Cod Harbor 
Rock, Tangier Island, Virginia. The adults collected from Tangier Island were hatchery 
strip-spawned at Oyster Seed Holdings, LLC. Goodwin Island, Virginia between 21st 
June and 23rd July 2013. CBF obtained the competent larvae from the hatchery and the 
larvae were allowed to permanently attach to cleaned oyster-shells that were then bagged 
and transferred to the Lafayette River for deployment on the reef. Additionally, about
114,000 NEH cultchless oysters were deployed on the Larchmont reef (Figure 3). These 
oysters, which were spawned in November 2012, were obtained from a decommissioned 
oyster lease located in Sarah’s Creek, Virginia via a private donor. NEH oysters are a 
parasite resistant strain selectively-bred at the Rutgers University’s Haskin Shellfish 
Hatchery and available for purchase commercially. Oysters of the NEH strain can be 
diploid or triploid; however, the donated oysters were diploid and not sterile like other 
hatchery strains such as the triploids favored by most commercial growers in the 
Chesapeake Bay.
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Oyster Tissue Sampling
Baseline geographic oyster samples were collected by several different methods. 
Oysters were collected from the Elizabeth, James, and Great Wicomico Rivers (Figure 1) 
by the Virginia Marine Resource Commission (VMRC) vessel J. B. Baylor with a 
hydraulic patent tong. The sampling was conducted in conjunction with an annual oyster 
survey in the fall of 2013 and 2014 from randomly selected locations in the three river 
systems; however, the Great Wicomico was only sampled in 2014 by dredge. In the 
Elizabeth River, Hospital Point and the Western Branch were sampled. Cruiser’s Rock, 
Wreck Shoals, and Upper Deep Water Shoal were sampled in the James River. Colley 
Avenue Bridge, seawall on Mayflower Road, and Granby Street Bridge were sampled in 
the Lafayette River. A subsample of the NEH oysters was collected prior to deployment 
into the Lafayette River in the summer of 2013. All Tangier Island oyster brood-stock 
used for the spawn were sampled at the hatchery in the summer of 2013.
Oyster spat were obtained from the CBF volunteer spat-collector program during 
the summers of 2013 and 2014. The spat collectors consisted of wire cages containing 50 
cleaned oyster shells and were deployed on the docks of volunteers within the Lafayette 
River from early May through late October. The volunteers were asked to tie the 
collectors approximately 15 centimeters off the bottom and to shake settled sediment 
from them weekly. The collectors were retrieved in late October and oyster spat were 
counted and shell-height in millimeters was determined using calipers. Gill, mantle, and 
adductor muscle tissue were sampled and preserved for DNA extraction, except in the
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case of small spat where the whole animal was preserved. Tissue was excised from 
sampled individuals using forceps, surgical scissors and/or razor blades and then the 
tissue was placed into a 2 mL screw-top tube filled with 95% ethanol for storage. All 
tissue samples were taken via sterile technique where previously mentioned instruments 
were wiped clear of excess tissue, swirled in a 95% ethanol bath, and then inserted into a 
flame to sterilize between individual samples.
A random-stratified sampling scheme was planned for 2013 using the previous 
years’ spat-collector data obtained from the CBF. Collectors to be sampled were chosen 
by dividing the river into five sections based upon location (mouth, lower mid-river, 
upper mid-river, northern headwater branch, and southern headwater branch) and either 
northern or southern riverbank. Notwithstanding the sampling design, the returned spat 
collectors for 2013 contained lower numbers of spat than typical and all available spat 
were returned to the lab and sampled.
All of the 2014 spat were returned to the lab and a proportional sampling regime 
used to obtain a representative sample of the spat distribution from the river. Total 
number of spat from the collectors was used to determine the proportion of spat from 
each collector. The proportion was used to allocate number of spat from each collector to 
be sampled so that the total sampling effort equaled 10% of the total eligible spat 
collected from the river. A random collector was chosen to sample if multiple collectors 
were deployed at adjacent houses and the remaining adjacent collectors were discarded 
from the sampling pool. This sampling regime was chosen to insure that the whole river 
was sampled.
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Overall, 560 oysters were selected for DNA extraction and genotyping (Table 1). 
Whole genomic DNA was extracted from samples using either DNeasy Blood and Tissue 
Kit (Qiagen, Valencia, CA) or Genomic DNA -  Tissue MicroPrep (Zymo Research, 
Irvine, CA) using the manufacturers’ protocols. Samples were randomly chosen from a 
pool of tissue samples using random number generation in the R statistical programing 
language (R Core Team, 2015; RStudio, 2012). The extracted DNA was quantified on a 
NanoDrop 2000 spectrophotometer to assess DNA concentration and purity before using 
samples in downstream applications. Samples with concentrations less than 5.0 ng/pl 
were not used.
SNP Panel Development
The SNP panel was developed using the SNP-type chemistry available from 
Fluidigm Corporation (San Francisco, CA) for use on the Fluidigm Biomark. SNP-type 
assays incorporate one of two alternate fluorescent molecules for discrimination of SNP 
alleles at a given locus. The Biomark is a high-throughput platform running a modified 
polymerase chain reaction (PCR) that adds fluorescent molecules to the newly 
synthesized DNA strands and records an image of the resulting products. The native 
software processes the images to determine relative fluorescence values for each sample. 
Scatterplots of the fluorescence for each locus are used to designate heterozygous and 
homozygous individuals.
The SNP primers used in this study were designed by Fluidigm to amplify the 
genomic region containing the SNP from flanking sequences obtained from Dr. Ximing
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Guo at Rutgers University’s Haskin Shellfish Research Laboratory. Candidate SNPs were 
chosen based upon their conformance to the design restrictions specified by Fluidigm for 
sequence submission. Sequences needed to be a minimum of 60 base pairs in length with 
a maximum of 250 base pairs on either side of a SNP position. The SNP target can only 
be bi-allelic (i.e., have two alternative states), while assays targeting tri- or tetra-allelic 
SNPs are not supported. Additionally, there cannot be another SNP within 20 base pairs 
on either side of the target SNP. Fluidigm also recommends that the sequence should not 
have guanine-cytosine content greater than 65%. Upon submission, Fluidigm uses 
proprietary software to design a set of primers that target the SNP for use in the Biomark. 
In total, 95 SNP sequences were submitted (Table 2) and primers were ordered to test on 
the Fluidigm Biomark located at the Virginia Institute of Marine Science. The SNP 
sequences submitted for this thesis conformed to the design specifications recommended 
by Fluidigm.
A test panel of 48 oysters collected throughout much of C. virginica’s range was 
constructed to evaluate the SNP-type primers. Oysters from the Lafayette River,
Elizabeth River, James River, Maryland, Eastern Shore of Virginia, Long Island Sound, 
Florida, Alabama, and Louisiana were used in the panel. The test panel was genotyped 
with primer sets ordered from Fluidigm using the recommended SNP-type protocol (see 
Appendix 1). SNP Genotyping Analysis v. 4.1.2 software developed by Fluidigm was 
used to cluster the processed fluorescence images. K-means clustering with a confidence 
level of 65% was used to define clusters and designate heterozygote and homozygote 
genotypes. The confidence level is the distance from a cluster center where a defined 
percentage of fluorescence values are located. In this case, clusters were defined at a
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distance corresponding to a 65% confidence interval of the values for a cluster. The 
clusters were checked by eye and given a quality score ranging from zero to four to 
account for polymorphism and how well defined the fluorescence clusters appeared. 
Samples that had fluorescence lower that 0.3 were rejected. A quality score of zero was 
assigned to scatterplots with no cluster pattern or complete failure of the marker indicated 
by fluorescence below 0.3. A quality score of one was assigned to monomorphic 
scatterplots indicated by only one cluster. A quality score of two was assigned to 
polymorphic scatterplots with two clusters visible. A quality score of three was assigned 
to polymorphic scatterplots with three clusters visible, but with clusters that were not well 
defined and with some ambiguous calls. A quality score of four was assigned to 
polymorphic scatterplots with three well-defined clusters and few ambiguous calls. Loci 
were chosen because polymorphism was observed in the test panel while monomorphic 
loci were excluded. Polymorphic loci are desirable because it increases the likelihood that 
individuals and populations can be distinguished from each other. Forty-eight total SNP 
loci were chosen to produce genotypes for this thesis project.
Oyster Genotyping
Oyster genotypes were determined using the 48 SNP-type assay panel developed 
for this study. A pre-amplification PCR step was first performed using the specific target 
amplification (STA) primer set provided by Fluidigm for each SNP locus (see Appendix 
1). The initial round of PCR amplification is recommended for DNA samples of lower 
quantity and quality and to standardize the quantity of starting DNA template for each
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sample before input into the SNP-type assay reaction. The potential for amplification bias 
introduced in this step is unknown and warrants further investigation; however, 141 
samples were run twice and had consistent results. There was variance of the 
fluorescence values for the samples run twice, but the genotypes did not change between 
experimental runs. The STA products were diluted 1:100 in DNA Suspension Buffer 
(Teknova, Inc.; Hollister, CA) and stored at -20°C. SNP-type assay reactions were 
performed on a Fluidigm Biomark using the manufacturer’s recommended protocol with 
the diluted STA products (see Appendix 1). The resulting fluorescence data were first 
processed automatically using the SNP Genotyping Analysis software, clustered using a 
k-means clustering algorithm, and verified by eye. The confidence level for clustering 
was set at 65% as recommended by the manufacturer. Samples that had fluorescence 
values below 0.3 were invalidated and the data were reanalyzed. Genotypes that were far 
from other genotype clusters and/or half way between two clusters were considered to be 
ambiguous and excluded from further analysis. These ambiguous genotypes were 
excluded because the risk of excluding data was more acceptable than introducing 
potentially false data. Summary reports were generated and a custom R script was used to 
convert the output into a transferable format for downstream data analysis.
Data Analysis
The resulting genotypes were checked for conformance to the expectations of 
Hardy-Weinberg Equilibrium (HWE) using exact tests as described by Wigginton et al. 
(2005) and implemented by Hardy-Weinberg v. 1.5.5 (Graffelman & Morales-Camarena,
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2008; Graffelman, 2015) in R. Individual locus F-statistics were calculated as described 
by Weir & Cockerham (1984) implemented by Hierfstat v. 0.01-14 (Goudet, 2014) in R. 
Individual loci with deviations from HWE across all geographic samples were excluded 
from downstream analyses that are not robust to divergences from HWE expectations. 
Additionally, loci that were monomorphic across all geographic samples were removed 
from further analysis. Tests for linkage equilibrium were conducted per geographic 
samples using the index of association described by Brown et al. (1980) and implemented 
by Poppr v. 1.1.4 (Kamvar et al. 2014) in R and for each pair of loci in each geographic 
sample using Genepop v. 4.2; option 2 (Raymond & Rousset, 1995). The values for the 
index of association can be interpreted as: zero is no evidence of linkage and one is 
complete linkage. Poppr uses permutations to compute p-values for the index of 
association. Linkage equilibrium is when genotypes at one locus are independent of 
genotypes at another locus. Deviations from linkage equilibrium, termed linkage 
disequilibrium, are indicative of genotypes at two loci that are significantly associated 
reducing two loci to essentially one locus. Loci that were found to be in linkage 
disequilibrium across all geographic samples were excluded from further analysis. The 
false discovery rate was controlled using the Benjamini-Yekutieli (2001) method for 
testing both conformance to the expectations of Hardy-Weinberg proportions and linkage 
equilibrium. Briefly, a type-I error rate (a) of 0.05 was divided by the sum of one through 
the number of tests being performed to determine an adjusted a.
The SNP loci were tested for signals of natural selection using the program 
BayeScan v. 2.1 (Foil & Gaggiotti, 2008). The program identifies outlier loci that can be 
indicative of locus specific selection. The software has been developed for studies that
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have very few markers and has been determined to be robust to samples sizes that have a 
minimum of 15 individuals in each population. The false discovery rate Q-value was set 
at 0.05, which is more stringent than a typical p-value. Q-values take into consideration 
the expected proportion of false discoveries and total discoveries, while the traditional p- 
value only considers the expected proportion of false discoveries. The program also 
simulates a selection parameter called alpha (this is different than a used to denote type-I 
error rate). This value is used to determine the direction of the selection. Positive alpha 
values are indicative of diversifying selection and negative alpha values are indicative of 
balancing selection.
The baseline samples were grouped according to geographic location and 
analyzed for population structure. Pairwise F st values were calculated using the Weir & 
Cockerham (1984) method implemented in Arlequin v. 3.5 (Excoffier & Lischer, 2010). 
The false discovery rate was controlled using the Benjamini-Yekutieli (2001) method as 
above.
Individual multi-locus genotypes were reduced to geographic sample genotypic 
counts and two distance measures were calculated to construct phylogenetic trees. The 
two distance measures used were the Edwards’ angular distance (Edwards, 1971) and 
Reynolds’ co-ancestry distance (Reynolds et al. 1983). These measures have been shown 
to be efficient at resolving true genealogies between populations. The Edwards’ distance 
has been shown to accurately resolve phylogenetic relationships when there is a high 
degree of genetic similarity between populations (Libiger, 2009) whereas the Reynolds’ 
distance has been shown to be accurate when populations are divergent. Both measures 
are Euclidean distances and carry the assumption of genetic drift. For both distance
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measures, a neighbor-joining algorithm (Saitou & Nei, 1987) was used to build trees and 
1000 bootstrap replicates were used to produce support values for nodes using Poppr in 
R. The trees were annotated in TreeFig v. 1.4.2 (Rambaut, 2014).
A Mantel test for isolation by distance was performed with Genepop to identify 
possible stepping stone population structure. Geographic distances were calculated as 
straight-line distance between sampling locations in kilometers. The output was 
transferred into R and Spearman’s Rank Correlation Coefficient was calculated. 
Regression lines were calculated by the reduced main axis method using Lmodel2 v. 1.7- 
2 (Legendre, 2014) in R. The reduced main axis method is more appropriate than 
ordinary least squares method because both the genetic distance and geographic distance 
are estimated with error.
Effective population size estimates were calculated in the program NeEstimator 
v.2.01 (Do et al., 2014). The linkage disequilibrium (Hill, 1981; Waples & Do, 2008) 
with random mating and molecular co-ancestry (Nomura, 2008) models were used. The 
random mating model was used because the other model available is monogamy, which 
is not valid for oysters. The critical minor allele frequency was set at 0.01 where a locus 
would be removed from the calculations if the frequency of any allele were below the 
threshold. Minor allele frequencies less than 0.01 can bias the effective population 
calculations so loci below this threshold should be removed (Waples & Do, 2008).
Assignment tests were performed to determine the most likely source for the 
newly settled oyster spat collected from the Lafayette River during the summer of 2014. 
Individual genotypes were clustered using Structure v. 2.3.4 (Pritchard et al. 2000). 
Structure is a Bayesian clustering program that calculates the likelihood of grouping
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individuals into k number of clusters based on the individual multi-locus genotypic data. 
Structure assumes that the putative populations conform to HWE and linkage 
equilibrium, so some loci were removed to satisfy the assumptions of the algorithms and 
reduce potential for bias in estimating cluster membership. Four parameter sets were run: 
with and without admixture, and each with and without correlated allele frequencies. 
Furthermore, the sampling location was used as a prior to assist in clustering. Simulations 
were run for 100,000 iterations with 50,000 initial steps discarded while k (number of 
putative populations) was set from one through 10 at four iterations per k as 
recommended by the software developer. The most likely value of k was determined 
using either the mean log-likelihood of the data or the Ak method described by Evanno et 
al. (2005) and implemented in Structure Harvester (Dent & vonHoldt, 2012).
Geneland v. 4.0.5 (Guillot et al. 2015) implemented in R was used to perform 
assignment testing. Geneland is based upon the same Bayesian clustering algorithm as 
Structure, but it differs in that GPS coordinates can be included as a prior distribution in 
the model. Structure can utilize a location prior; however, the location is generalized to 
be inclusive of sampling units and not GPS coordinates. Exact GPS coordinates were not 
available for samples from the Elizabeth River, James River, Great Wicomico River, and 
Tangier Island; so generalized locations were assigned based upon approximate sampling 
locations. Geneland assumes that the populations under consideration conform to HWE 
and linkage equilibrium. Four different subsets of the data were run for six iterations per 
set to account for possible cryptic regional population clusters and the highest mean log- 
likelihood of the data was used to determine the most likely run. Geneland was run for
100,000 iterations with a thinning of 100 from k=l to k=10 using the correlated allele
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frequencies model. The runs were post-processed by discarding the initial 200 iterations 
kept from the thinning. Assignment tests are valuable, but analyses that depend upon 
fewer assumptions can be useful to further explore the data.
Multivariate statistical measures were used to analyze the relationship between 
individuals and between geographically grouped samples, and to analyze the contribution 
of specific loci to observed distributions of genotypes. Multivariate methods do not 
assume HWE and linkage equilibrium; therefore, data that were removed for Bayesian 
clustering previously described can be included in multivariate analyses. Principle 
component analysis (PCA) was performed on allele frequencies using methods as 
implemented by the R package adegenet v. 1.4-2 (Jombart, 2008). The data were 
centered, scaled, and missing data were either substituted with mean values for the 
columns or zeros. There were 358 missing points out of 42,560 total in the data matrix 
that were substituted, which is less than 1% missing data. Additionally, correspondence 
analyses (CA) were performed on genotypic counts within geographic samples in 
adegenet. The geographic sample data had no missing values needing substitution. These 
methods are useful to examine the covariance between loci among individuals for PCA 
and correlation between loci among geographic samples for CA using fewer assumptions 
about the data.
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RESULTS
Spat Collectors
Spat were sampled in 2013 and 2014 from collectors deployed in the Lafayette 
River. For both years, the majority of the spat were found at the mouth of the river; fewer 
were found near branch headwaters (Figure 3). The 55 collectors deployed during the 
summer of 2013 captured a total of 937 spat. The mean number of spat per cage was 18.4 
(± 4.7 S.E.) and ranged from 1 to 186 spat per cage. Only one collector contained no spat. 
Four collectors were not returned and one was emptied of oyster shell by unknown 
forces. It was not possible to apply the exact planned sampling scheme for the summer of 
2013 due to the unpredicted behavior of volunteers enlisted by the CBF. It was not 
possible for all the spat to be sampled, so a subsample of 778 spat was obtained for tissue 
collection. The mean shell-height was 15.4 mm (± 0.3 S.E.) determined from a subsample 
of 778 spat. The 42 collectors deployed during the summer of 2014 captured a total of 
3132 spat. The mean number of spat per cage was 87 (± 19 S.E.) and ranged from 1 to 
413 spat per cage. Only one collector contained no spat. One collector was not returned, 
two were emptied of oyster-shell by unknown forces, and three were lost. The mean 
shell-height was 24.2 mm (± 0.5 S.E.) determined from a subsample of 909 spat. The 
distributions of the spat-shell heights from the two years are quite different (Figure 4).
The spat shell-height data were grouped into regions based upon sampling locations and 
spat found in the headwater branches were larger on average than the spat near the mouth
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(Figure 5). Overall, the data obtained from the collectors for 2013 and 2014 were 
different.
Oyster Genotyping
A 48 SNP loci panel was developed using published and unpublished sequences 
from a total of 95 loci tested on a Fluidigm Biomark (Table 2). The quality scores 
assigned to the loci were distributed as follows: 22 scores of four, 16 scores of three, 14 
scores of two, 20 scores of one, and 23 scores of zero. Among the loci tested, one 
mitochondrial locus (cytb-194) was chosen because mitochondrial DNA is used 
extensively in population genetics for discriminating among populations. The SNP-type 
chemistiy used in this thesis was specifically designed by Fluidigm to target diploid 
nuclear DNA and it was not known how the Biomark would respond to a haploid 
mitochondrial DNA. The fluorescence emitted from SNP-type primers incorporated into 
nuclear DNA has two signals: one signal coming from one chromosome and the other 
signal coming from the other chromosome in a pair for diploid organisms. By contrast, 
the mitochondrial genome for each individual only contains one copy and it was expected 
that a SNP-type primer would produce one fluorescence signal per oyster. Additionally, 
two sets of duplicate loci (<at-473/ pt-473 & hsp6-205/ hyp-205) were chosen unwittingly; 
however, this initial error turned into a fortuitous situation. One pair of duplicates {at- 
473/ pt-473) was chosen for the downstream panel of 48 to serve as an internal control 
for consistency within experiment runs. Interestingly, while at-473/pt-473 had similar 
scores of four during the initial panel development, hsp6-205/ hyp-205 had veiy different
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quality scores of two and zero, respectively. Of the 48 loci chosen, the highest quality 
scores were selected out of the 95 loci tested. All 22 scores of four, 16 scores of three, 
and 10 scores of two were chosen. Markers with scores of either one or zero were 
omitted. The mitochondrial locus cytb-194 was selected for the panel in addition to the 
duplicate pair at-473/pt-473.
Several loci in the panel of 48 had results that would affect downstream analysis 
and were subsequently discarded. Myc-326 and sab-145 had no discemable cluster 
patterns due to very low fluorescence values. Fer-116 and rpl4-493 proved to be 
unreliable because clusters were ambiguous and many individual samples had low or no 
fluorescence. Myc-317 and nss-417 were monomorphic across all samples. Additionally, 
prp-198 was only polymorphic in one Lafayette River oyster (minor allele frequency in 
Lafayette = 0.007) and rpl9-451 was polymorphic in 47 spat, but only in the spat (minor 
allele frequency in spat=0.127). These two loci were removed, because for the intended 
analyses, they provided no new information for comparison among geographic samples. 
Nonetheless, future population genetic research on C. virginica should consider including 
these loci. Furthermore, at-473 was removed because it was a duplicate serving as an 
internal control and cytb-194 was discarded because it was uninformative. No distinct 
patterns emerged for the mitochondrial locus although it could have had differences 
among geographic samples. After removal of these markers, 38 informative loci 
remained for downstream analysis.
Of these 38 loci, several markers were monomorphic in one or more geographic 
sample, but not across all geographic samples. Hsp6-205 was monomorphic in the NEH 
samples only (n=70). Hsp70-450 was monomorphic in the Elizabeth River (n=71) and the
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NEH samples (n=70). Idh-313 was monomorphic in the NEH samples only (n=70). Mt- 
iii-465 was monomorphic in the Lafayette River (n=69), Tangier Island (n=47), and NEH 
samples (=70). Mych-289 was monomorphic in the Lafayette River (n=69), Elizabeth 
River (n=71), James River (n=65), Great Wicomico River (n=45), and NEH samples 
(n=70). Rpll9-537 and rpsl5-301 were monomorphic in the NEH samples only (both 
n=70). There is some discrepancy in the sample sizes within a geographic sample among 
loci because some genotypes were missing due to low fluorescence or ambiguous 
genotypes that were discarded (Table 3). The NEH samples had the greatest number of 
monomorphic loci (i.e. seven) and the Lafayette River spat 2014 had the lowest, that 
being, zero. The 38 loci had a low percentage of missing data at 0.8% across all 
geographic samples. A missing datum was defined as one individual sample not assigned 
a genotype for a given locus due to low or ambiguous fluorescence signal. The 
percentage of missing data distributed among the geographic samples ranged from a 
minimum of 0.48% for the Lafayette River spat 2014 to a maximum of 1.60% for the 
James River samples.
Descriptive Statistics
Average gene diversity over the 38 loci ranged from a minimum of 0.24 for the 
NEH samples to a maximum of 0.32 for the Elizabeth River samples. Several loci 
showed significant departures from Hardy-Weinberg expectations overall and across 
geographic samples after correction for multiple tests at p<0.02 (Table 3). One locus 
nssl-228 showed significant deviations across all seven geographic samples. Other loci;
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ba-83, hsp27-122, hsp6-205, mt-iii-465, mych-289, rpll3a-183, rpo-422, rps23-327, and 
unk-399 showed significant deviations in one or more geographic samples, as well as 
overall, and bty-288 had a significant deviation overall, but not in any one geographic 
sample. All deviations were due to heterozygote deficiencies (Figure 6). Overall Fis 
(Weir-Cockerham) was 0.093 and Fst (Weir-Cockerham) was 0.029. Both Tangier Island 
and the NEH samples had significant overall linkage disequilibrium after correction for 
multiple tests at p<0.007 (Table 4); however, no locus-locus combinations were linked 
across multiple geographic samples after examining the pair-wise comparisons (Table 5). 
The simulations run by the software Structure and Geneland are not robust to deviations 
from assumptions of HWE and linkage equilibrium so the results can be biased. The 
following loci were removed from the dataset: ba-83, hsp27-122, hsp70-450, mych-289, 
nssl-228, rpll3a-183, and rpo-422. These loci were removed because they deviated from 
HWE in three or more geographic samples.
Selection
For the selection testing, BayeScan identified no outlier loci under selection. 
When the prior odds ratio was set at 10:1, the lowest q-value was 0.85 for locus fad-185. 
This lowest value was well above the significance cutoff of 0.05. Even with prior odds 
ratio set at 1:1, which increases the likelihood of a false positive, no outliers were 
identified and the lowest q-value was only 0.14 for locus fad-185. Even though no outlier 
loci were identified, the selection parameter alpha (this is different than a used to denote 
type-I error rate) values are noteworthy. Out the 38 loci tested, 31 had negative alpha
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values weakly suggesting balancing selection and 7 loci had positive alpha values 
indicative of diversifying selection (Figure 7). Furthermore, with the prior odds ratio set 
to 10:1; fad-185 (-0.15), tf-393 (-0.13), and pt-473 (-0.11) had the lowest alpha values 
while mych-289 (0.095), idh-313 (0.053), and mac-449 (0.037) had the highest alpha 
values. These results changed by an order of magnitude but relative values stayed the 
same when the prior odds ratio was changed to 1:1.
Population Structure
Pair-wise Fst values indicated little population structure among sites (Table 6). 
The Great Wicomico River had significant Fst values before and after correction for 
multiple testing compared to all other geographic samples. The values ranged from a 
minimum of 0.009 (p<0.001) compared to the Lafayette River to a maximum of 0.135 
(p<0.001) compared to the NEHs. Additionally, the NEH oysters had significant Fst 
values before and after correction for multiple testing compared to all other geographic 
samples. The values ranged from a minimum of 0.099 (p<0.001) compared to the 
Lafayette River spat 2014 to a maximum of 0.135 (p<0.001) compared to the Great 
Wicomico River. There was no structure detected between the Lafayette, Elizabeth, and 
James Rivers, and no structure was detected between the Lafayette River spat 2014 and 
either the Elizabeth or James River oysters. There was, however, a slightly elevated, 
albeit non-significant, Fst value of 0.00079 (p=0.270) between the Lafayette River spat 
2014 and the Lafayette River oysters. This result is worth mentioning because most of the 
other pairwise Fst values for the Lafayette River spat 2014 are negative, except for the
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Lafayette River, Great Wicomico River, and NEH, which are positive. Interestingly, the 
Tangier Island samples compared to the geographic samples from the lower Chesapeake 
Bay showed no structure indicated by Fst values that were essentially zero. There was a 
significant Fst value of 0.012 (p<0.001) between the Tangier Island and Great Wicomico 
River samples.
Neighbor-joining trees were constructed using Edwards’ and Reynolds’ genetic 
distance measures (Figure 8). For the Edwards tree, the Great Wicomico River and the 
NEH samples form a clade, the Lafayette River and Tangier Island samples form another 
clade, and these two clades form their own larger clade. The Lafayette River spat 2014 
samples fall basal to that clade. The Elizabeth and James River samples form a polytomy 
with each other and together fall basal to the others. For the Reynolds’ tree, similar 
groups occur except the major differences are that the Elizabeth River is paraphyletic to a 
clade formed by the James River and Lafayette River spat 2014 samples and a larger 
clade that contains groupings exactly as the Edwards’ distance tree. Overall, the 
Reynolds’ tree has greater bootstrap support values than the Edwards’ tree and lacks 
polytomies.
Isolation by Distance
The Mantel Test returned significant correlations between genetic distances 
defined as F s t / ( 1 - F s t )  and the natural logarithm of the geographic distances. Several 
subsets of data were tested to detect signals of isolation by distance. To make 12 
populations, the three James River sample locations were split and the two locations from
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the Elizabeth River were split. The Lafayette River samples including the spat from 2014 
were split into four regions corresponding to the regions mentioned above in the spat 
collector results except that the head branches were combined into one due to low sample 
size. Furthermore, the Great Wicomico River and Tangier Island oysters were separate 
populations. To make 16 populations, the samples from the Lafayette River including the 
spat from 2014 were further divided into smaller groupings. The Spearman Rank 
correlation coefficients (rho) ranging from 0.23 to 0.53 for each of the tests performed 
were also significant at p<0.05 (Table 7). The slopes of the reduced major axis regression 
lines had a minimum of 0.0055 and a maximum of 0.0078. These values included tests 
with and without the Tangier Island samples (Figure 9). Tangier Island samples were 
removed from two of the tests to determine what effect the combination of low Fst values 
and large geographic distances had on the results. When the negative genetic distance 
measures were set to zero, the Spearman Rank correlation coefficients were no longer 
significant although the slopes remained positive.
The effective population size was calculated for each geographic sample using 
two methods (Table 8). The linkage disequilibrium estimates ranged from 14 for the 
NEHs to 479 for the Great Wicomico River, while the Lafayette River spat 2014, 
Elizabeth River, and James River estimates were infinite; however, all jackknife 
confidence estimates had finite lower bounds. For the molecular co-ancestry method, the 
estimates ranged from 5 for the NEHs to 58 for the Lafayette River spat 2014 samples, 
while both the Lafayette River and Great Wicomico River estimates were infinite. Unlike 
the LD method, the jackknife confidence estimated for the Lafayette River and Great 
Wicomico River are bounded by infinity giving no upper or lower boundary estimates.
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Assignment Testing
The Structure simulations were run both with all geographic samples and without 
the NEHs. For the simulations including NEH samples, all four parameter sets converged 
on two clusters with the NEH samples in one cluster and everything else in the other 
(Figure 10). Additional simulations were run without the NEH samples because 
Structure has difficulty clustering individuals that are genetically very similar into more 
than one group, especially when there is another group with a high Fst value. For both no 
admixture parameter sets, k=2 was most likely using the Ak method; however, the results 
were not reasonable. A visual method to assess the appropriateness of Structure output is 
to examine whether barplots show clear cluster membership estimates. These results are 
not tenable because, for all samples, there is similar probability of belonging to multiple 
clusters. A more reasonable interpretation is that there is only one cluster. The highest 
likelihood of the data which was k=l, was used instead. For the admixture parameter set 
with correlated allele frequencies, the Evanno Ak method suggested that k=4 was the 
most likely cluster based on the simulation. Moreover, the Evanno Ak method suggested 
that k=7 was the most likely cluster based on the simulation for the admixture parameter 
set without correlated allele frequencies. Both sets of results were untenable because 
individuals had similar probability of membership to multiple clusters. It is more 
reasonable that there was only one cluster. For the parameter set without correlated allele 
frequencies, the highest likelihood of the data was k=3; however, one cluster seems more 
reasonable. Structure in this study appears to provide little utility and further
41
consideration of its results was limited. Structure did not assign any Lafayette River spat 
2014 as an NEH or a hybrid of NEH oysters nor did Structure infer any genetic difference 
between the oysters in the Lafayette River and Tangier Island.
Geneland was run with four different data subsets to account for cryptic regional 
population clusters. The first set included all geographic samples with the Tangier Island 
samples placed where they were taken from originally and the NEHs were placed in the 
Lafayette River where they were planted by the CBF. This parameter set determined 
there were three distinct clusters (Figure 11). The first cluster consists of samples from 
the Great Wicomico River; the second cluster has samples from the Lafayette, Elizabeth, 
James Rivers and the Lafayette River spat 2014; and the third cluster contains the NEHs. 
The second parameter set excluded the Great Wicomico River samples and placed the 
Tangier Island samples in the Lafayette River where they were planted by the CBF. This 
parameter set found two clusters in which the first contains the NEHs and the second 
contains everything else. The third parameter set exclusively consisted of all samples 
from the Lafayette River including spat from 2014, Tangier Island, and the NEH samples. 
This parameter set found two clusters in which NEHs are in one cluster and everything 
else in the other. Finally, the fourth parameter set consisted of only samples from the 
Lafayette River including spat from 2014 and excluded the Tangier Island and NEH 
samples. This set found only one cluster. Geneland did not assign any Lafayette River 
spat 2014 as an NEH or a hybrid of NEH oysters.
Multivariate Analysis
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Principle component analysis (PCA) was conducted on the larger dataset 
containing 38 loci because the analysis does not make assumptions about either Hardy- 
Weinberg proportions or linkage equilibrium. When the missing data values were 
replaced with the mean for the locus, the eigenvalues for the first principle component 
accounted for 6.3% of the covariance in the data, the second accounted for 5%, and the 
third accounted for 4.3%. The NEH samples formed a grouping that is distinct from the 
majority of the samples, which formed a larger mixed group (Figure 12). The loadings 
indicated that several loci were responsible for the NEH divergence. The larger grouping 
is homogenous with respect to geographic origin; however, there are several outlier 
groupings made up of a few individuals. There is one grouping made up of a Tangier 
Island oyster and five Lafayette River spat 2014. The loadings indicated that this 
grouping of six individual oysters is due to the locus mych-289. Another grouping distinct 
from the large cluster, containing the majority of the samples, consists of two Elizabeth 
River samples and one Lafayette spat 2014. The loadings indicated that this grouping is 
due to the locus mt-iii-465. Both of these loci {mych-289 and mt-iii-465) are 
monomorphic in all the samples except for the few individuals that form these small 
groupings. These two loci were removed from the dataset because PCA is sensitive to 
outliers in the data. In the subsequent analysis, the distinctiveness of the NEH oysters was 
maintained; however, the smaller groupings were no longer present (Figure 12). When 
the missing values were replaced with zero, the first principle component accounted for 
6.9% of the covariance in the data, the second accounted for 5.6%, and the third 
accounted for 4.7%. The majority of the samples formed an elongated group with the 
NEH samples exclusively occupying one end of the cluster (Figure 13). Similar to the
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previous analysis, two outlier groupings formed due to the loadings from the same two 
loci as before. When these loci are removed one of the groupings is maintained consisting 
of individuals from all the geographic samples except NEH (Figure 13). The loadings 
indicated that this is due to locus hsp6-205.
Correspondence analysis (CA) was performed on genotypic counts within 
geographic samples. This analysis was performed on the larger dataset containing the 38 
loci because CA does not assume either Hardy-Weinberg proportions or linkage 
equilibrium. The reduced geographic samples dataset did not have any missing values 
requiring substitution. The eigenvalues for the first CA axis accounted for 77.6% of the 
correlation in the data, the second accounted for 7.9%, and the third accounted for 5.2%. 
The NEHs and the Great Wicomico River samples stood out as separate from the rest of 
the geographic samples, whereas the Elizabeth River, James River, and Lafayette River 
spat 2014 samples formed a grouping and the Tangier Island and Lafayette River samples 
formed another grouping (Figure 14). The loadings for the first CA axis indicated that the 
outlier loci identified in the PCAs, mych-289 and mt-iii-465, are not influential; however, 
they were the largest contributors in the second and third axis, respectively. When the 
NEH samples were removed, the correlation per axis indicated by the eigenvalues 
decreased to 35.8% for the first and increased for the second and third axis to 23% and 
20.4%, respectively. The general groupings remained similar except that the Lafayette 
River spat 2014 were slightly separated from the Elizabeth and James River samples 
(Figure 14). Furthermore, removal of the Great Wicomico River and Tangier Island 
samples changed the orientation where the four remaining geographic samples formed 
the vertices of a tetrahedron (Figure 15).
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DISCUSSION
Spat Collectors
Although the spat collector results are not formally integrated into an objective 
with corresponding hypotheses, some interesting observations can be made from these 
data. The number of spat per collector, as distributed throughout the Lafayette River for 
all years when data are available, suggests runoff in the system influences settlement 
patterns. The version of the Sisson and Shen (2012) connectivity model that incorporated 
runoff predicted oyster larvae would settle in the middle to lower river, and be absent up 
river in the headwater branches (Figure 22), which is similar to distributions of spat 
observed in the spat collector data. According to Jian Shen (personnel communication, 
May 2015), the shallow Lafayette River can become highly stratified after precipitation 
events. Stratification in shallow areas near the headwater branches is predicted to cause 
larvae to concentrate at depths just below the greatest salinity gradient (Dekshenieks et 
al. 1996) and then get flushed out into the mainstem of the Lafayette River. The 
distribution of spat based on the spat collector data supports the predictions made by the 
Sisson and Shen (2012) connectivity model that incorporates runoff.
Comparison between 2013 and 2014 spat collector data suggests that different 
conditions during the two years resulted in differences in settlement patterns. The 
collectors from 2014 had more and larger spat on average than those from 2013 (Figures 
2 & 3).A priori, it was expected that the 2013 spat would be larger on average because 
shell-string survey results (data provided by CBF; Figure 4) indicated that larvae began to
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settle earlier in the Lafayette River in 2013 than in 2014. Earlier settling oysters have 
more time for growth than later settling oysters, therefore the earlier arrivals would more 
likely be larger on average. Any differences in growth or mortality caused by zonation 
differences as seen by others (Roegner & Mann, 1995; Bartol & Mann, 1997) would be 
averaged because the spat collector data represents the entire estuary and is the result of 
recruitment from the entire spawning season. Despite the earlier start date for settlement, 
the mean size of the 2013 spat is smaller than that of the 2014 spat. Furthermore, the 
shell-height size distribution for 2013 is unimodal versus the bimodal distribution seen in 
2014. This suggests that there was some factor negatively affecting the earlier settling 
oysters where earlier settlers are either growing more slowly or experiencing a higher 
mortality. It is unclear whether a biological factor (e.g. competition, disease, or 
predation) or some physical factor (e.g. oxygen, pH, or salinity) was contributing to the 
difference between 2013 and 2014 shell-height distributions. In 2014, there were fewer 
and smaller harmful algal blooms in the Lafayette River during the summer months 
compared to 2013, which was an active summer bloom season (Reece, 2014). The 
specific effects harmful algal blooms have on the oyster life cycle are not known; 
however, experimental evidence suggests that bloom organisms, such as the dominate 
bloom species Cochlodinium polykrikoides in the Lafayette River, can, at high 
concentrations, cause mortality in all life stages of oysters (Mulholland et al. 2009; Reece 
et al. 2012). The exact causes for the differences between 2013 and 2014 spat collector 
results are likely a combination of biological and physical factors that were not examined 
during this thesis project.
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The differences in spat-size distributions among regions of the Lafayette River in 
both 2013 and 2014 (Figure 4) suggests some factor, either biological or physical, is 
selecting for larger spat in the headwater branches. There is a change in physical 
environmental conditions between regions, which might explain the absence of smaller 
spat and a narrower range of spat sizes in the headwater branches. These areas are 
shallower and muddy while the mainstem areas are deeper and contain hard bottom. It is 
unknown how many spat collectors were deployed intertidally, but the headwater 
branches are shallower and collectors are more likely to be exposed during low tide. 
Roegner & Mann (1995) demonstrated that oyster spat at mean low water can have 
higher survival than spat in subtidal locations (a predation-immersion problem); however, 
higher mortality can occur above mean low water during the summer months (an 
exposure mortality problem). Increased competition and predation was implicated in 
structuring juvenile oyster populations in subtidal zones while stress associated with 
exposure and increased temperatures were implicated in mortality for the intertidal zones. 
If the collectors in the headwater branches were intertidal and the others subtidal, it is 
possible that exposure-induced stress contributed to the observed spat size distributions in 
the Lafayette River. The surviving larger spat could represent a hardy collection of 
individuals selected to withstand extreme stress. Further research into the size- 
distributions among the different regions of the river would be useful to elucidate the 
process(es) potentially eliciting the observed patterns.
Oyster Genotyping
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Deviations from Hardy-Weinberg expectations (HWE), calculated as 
heterozygote deficiencies for several loci in this study, are indicative of either population 
genetic structure, violations of one or more HWE model assumptions, sampling error, or 
genotyping error. Several assumptions of HWE are not tenable in this study: non­
overlapping generations, infinite population size, no natural selection, and no migration 
or mutation. It is unreasonable to assume that generations do not overlap in oysters. 
Spawning can occur continually during the summer months and generations blend 
together forming near-continuous distributions. Mann et al. (2009) was able to identify 
age-classes in size-frequency data because large sample sizes were used; however, age- 
classes do not necessarily correspond to generations. A 2011 oyster survey conducted by 
Mann et al. in Virginia waters estimated large population census sizes in the systems 
sampled for this study; however, it is unreasonable to assume infinite population sizes. 
Even if every sexually mature individual is releasing gametes, there is a low likelihood 
that all are contributing gametes to subsequent generations. In other words, not all 
spawning adults are successful in reproducing common in sweepstakes reproductive 
success. Sweepstakes takes a large population size and reduces the number of successful 
breeders to a small proportion of the total. The low estimates of effective population sizes 
in this study suggest that the assumption of infinite populations size is likely violated.
The assumption of no selection is unreasonable because the Chesapeake Bay is a stressful 
environment, potentially selecting for and against certain traits and therefore, genotypes. 
Environmental conditions in estuaries have been demonstrated to affect the growth 
(Burford et al. 2014) and survival (Eierman & Hare, 2013) of oyster larvae potentially 
contributing to selection for certain genotypes. The assumption of no migration is also
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likely to be unreasonable because the Lafayette River flows into the Elizabeth River and 
both are influenced by the hydrodynamics of the James River. Modeling predicts that 
oyster larvae produced in the James River can enter the Lafayette and Elizabeth Rivers 
(Mann & Evans, 1998; Shen et al. 1999). Moreover, field observations and modeling 
(Morse et al. 2011; Morse et al. 2013) demonstrate that harmful algal blooms initiated in 
the Lafayette River can move into the James River. Therefore, it is reasonable to suggest 
that oyster larvae are migrating among these systems and form a large open population. 
The results from the isolation by distance tests further provide support to the large open 
population option suggesting that there is limited gene flow between the northern and 
southern range of this study; however, the extent of migration causing the observed gene 
flow is not known. Deviations from HWE as calculated from the data in this study could 
be due to violations from assumptions made by HWE: the sampling units are not true 
genetic populations, or to ascertainment bias, both of which are described below.
Heterozygote deficiencies can be observed when samples taken from multiple 
populations are assumed to be one genetic population; this is known as the Wahlund 
principle (Hard & Clark, 2007). The Wahlund principle describes a situation where 
pooled populations violate the HWE assumption of random mating. Considering the size 
of oyster reefs (upwards of several hectares, Mann et al., 2011) and the broadcast 
spawning characteristic of C. virginica, population substructure within estuaries would be 
a natural consequence. Gametes cannot travel very far and as a result oysters can only 
reproduce with their neighbors. Therefore, for C. virginica, population structure might be 
observed on the scale of individual reefs or possibly multiple populations within a reef if 
it is a very large reef. It is important to note that migration is a homogenizing force for
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population structure and it is likely that the magnitude of migrants between reefs per 
breeding season is high, limiting the overall population structure on small scales (Hartl & 
Clark, 2007). Previous population genetic studies of C. virginica (Hare et al., 2006; Rose 
et al., 2006; Varney et al., 2009) did find heterozygote deficiencies using microsatellites. 
Rose et al. (2006) argued that a Wahlund effect was unlikely because dramatic 
population structure was not observed overall. The authors attributed the deficiencies to 
null alleles, which is hidden variation not observed due to mutation in primer binding 
sites; common problem with microsatellite markers. SNPs potentially suffer from the 
presence of null alleles and heterozygote deficits could potentially be caused by hidden 
variation due to sampling error during SNP discovery, termed ascertainment bias. 
Currently, a statistically robust method to test for the Wahlund principle is lacking and 
derivation is outside the scope of this thesis. Waples (2015) and Zhivotovsky (2015) have 
suggested methods to test for Wahlund principle; however, they caution that further 
research is needed to fully evaluate the proposed methods. Other evidence in the data is 
used to assess the validity of potential Wahlund effect in this thesis.
Widespread heterozygote deficiencies across all loci and in all geographic 
samples can be the result of ascertainment bias, which is a type of sampling error that can 
occur during SNP discovery. When a limited sample that does not include all populations 
of a species is used for SNP discovery, the total genomic variation is not accurately 
represented, introducing a sampling bias. Many of the deviant loci in this study could 
have an alternative allele in addition to the two states targeted by the SNP-type primers. 
For example, although a particular SNP-type assay was designed to discriminate an 
adenine vs. a guanine, there could be a cytosine at the nucleotide position being assayed
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in some individuals that was not observed during the SNP discovery process. These 
potential tri- or tetra-allelic SNPs cannot be resolved by the method used for this study. 
Several of the loci used were developed from sequences found in Genbank (Benson et al. 
2013); however, only eight oysters were sequenced at each locus to confirm the existence 
of the putative SNPs (Zhang et al. 2010). These eight oysters came from Gulf of Mexico, 
Delaware Bay, Long Island Sound, and Maine; however, the small sample size means 
that the full range of diversity at a particular nucleotide position may not have been 
observed and potentially introduced bias. If any SNP loci used in this thesis contained 
hidden alleles, then it would be expected that the locus would be deviant in multiple or 
even all geographic samples. The loci nssl-228 (n=7; number of geographic samples out 
of HWE for a sample), hsp27-122 (n=6), ba-83 (n=5), and rpo-422 (n=4) would be 
candidates for further investigation. This potential bias could be tested with targeted 
sequencing of deviant loci to reveal hidden alleles not targeted by the assays.
Linkage disequilibrium (LD) is a non-random association between genotypes at 
different loci that can be used to infer demographic history. Slatkin (2008) reviews the 
population level processes that can create the appearance of linkage between loci that are 
not physically linked. Genetic drift, inbreeding, population bottlenecks, and selection are 
thought to influence LD. The significant LD estimated in the NEH oysters was expected 
because it is a selectively-bred strain produced in a hatchery. It is common practice for 
hatcheries to use a relatively small number of broodstock when developing disease- 
resistant strains. Wild Tangier Island oysters used as broodstock also exhibited significant 
LD although the reasons are more elusive. The effective population size of the wild 
Tangier oyster broodstock was estimated in this study to be low (LD: 101, 95% C.I. 50-
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595; co-ancestry: 5, 95% C.I. 2-9; Table 8) suggesting that there were few parental 
contributors, which is surprising for a wild population; however, the 2011 survey (Mann 
et al. 2011) estimated a large population census size for Tangier Island. Sweepstakes 
reproductive success can increase LD in a population and reduce the effective population 
size (Hedgecock & Pudovkin, 2011). Alternately, the results could be indicative of a 
recent broodstock supplementation using hatchery-bred oysters near Tangier Island; 
however, no planting events are known to have occurred in this area. The estimates of 
low effective population size for the Tangier and NEH oysters are discussed below and 
are likely the reason for the observed LD in these two geographic samples.
Selection
Estuaries are heterogeneous environments where it is expected that balancing 
selection is more common than diversifying selection. Hedrick (2006 and references cited 
therein) reviews several examples illustrating the tendency for balancing selection to 
occur in heterogeneous environments. Balancing selection favors intermediate genotypes 
that are suitable to survive in a wide range of conditions. Rhodopsin in the eyes of the 
sand goby (.Pomatoschistus minutus) inhabiting environments with variable light 
conditions were determined to have undergone balancing selection and were compared to 
individuals in stable light conditions that underwent diversifying selection (Larmuseau et 
al. 2010). Estuaries provide a wide variety of stressors and these conditions would select 
against the extreme genotypes that can result from diversifying selection. The simulations 
run for this study in BayeScan did not identify any candidate loci under selection;
52
however, the alpha values (this is different than a used to denote type-I error rate) suggest 
balancing selection is more likely than diversifying selection (Figure 6). The 
heterozygote deficiencies observed at many of the loci examined in this study provides 
some evidence that refutes the hypothesis of balancing selection, unless there are more 
alleles at the loci under consideration than were resolved by the assays. Foil & Gaggiotti
(2008) point out that the ability of BayeScan to detect selection with SNP data is 
dependent upon the number of populations, level of genetic differentiation, and the 
sample sizes. At least six genetically distinct populations are needed to detect 
diversifying selection and at least 10 populations are needed to identify balancing 
selection. When genetic differentiation is weak at Fst values less than or equal to 0.05, as 
it was in this study, it is almost impossible to detect balancing selection. Fortunately, 
samples sizes of only 15 individuals per population are sufficient to detect selection. 
Therefore, interpretation of the results must be tempered because of the limitations in the 
software. Oysters in the Chesapeake Bay likely encounter a wide range of conditions 
potentially influencing natural selection, but there is no evidence for selection on the loci 
in this study.
Population Structure
The low level of population structure found in this study was expected. Previous 
research on C. virginica found similar levels of structure using mitochondrial DNA (Reeb 
& Avise, 1990), microsatellites (Carlsson et al. 2006; Vercaemer et al. 2010; He et al. 
2012; Zhang & Hare, 2012), a combination of both markers (Rose et al. 2006), and a
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combination of mitochondrial DNA and SNPs (Varney et al. 2009). Moreover, similar 
results were found using microsatellites in the congener C. gigas (Meisertzheim et al. 
2013; An et al. 2014). The population structure results of this study suggests that oysters 
in the Lafayette, Elizabeth, and James Rivers comprise an open population with high 
gene flow likely due to high rates of migration among these locations. Oysters have a 
high dispersal potential during the larval stage that can homogenize geographically 
distinct areas; however, C. virginica’s larval dispersal potential (472 km2; Rose et al. 
2006) is not on the same order of magnitude as the size of the Chesapeake Bay (11,000 
km2; Boesch et al. 2001).
The Great Wicomico River samples are statistically different from the other 
samples including the Tangier Island samples, which are geographically closest to the 
Great Wicomico River. The difference between the Great Wicomico and Lafayette River 
oysters is not surprising as they are greater than 100 kilometers apart; however, the Great 
Wicomico River is only about 25 kilometers from Tangier Island. The general circulation 
of the Chesapeake Bay is such that there is a northerly movement along the eastern 
portion of the bay with incoming flood tide. The outgoing ebb tide moves southerly on 
the western portion of the bay. Simulated dye released from Tangier Island can be 
transported to the Great Wicomico River within the larval time period of C. virginica 
(Jian Shen personal communication, June 2015). The general movement of the bay 
hydrodynamics would facilitate larvae transport from Tangier Island to the Great 
Wicomico River. The Great Wicomico River is described as a “trap-like” estuary subject 
to local recruitment and was used as a study system for previous oyster restoration 
genetic tracking projects (Hare et al. 2006; Carlsson et al. 2008). Oysters from Tangier
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Island were transplanted into the Great Wicomico in 1996 as part of a broodstock 
supplementation program (Southworth & Mann, 1998); however, there is little genetic 
evidence from this study of the Tangier Island oysters influencing the Great Wicomico 
population despite an enormous recruitment following the transfer. The genetic 
differences between the Great Wicomico River and Tangier Island oysters are surprising 
given both the hydrodynamic connections and the influence of restoration activities.
It is surprising that the Tangier Island oysters are genetically indistinguishable 
from the oysters in the Lafayette River and surrounding rivers. The Tangier Island oysters 
used by the CBF were selected because Tangier Island is geographically distant and, 
therefore, they were thought likely to be genetically different from the wild Lafayette 
River oysters. Moreover, the Tangier Island oysters were thought to be distinct from all 
the other oyster stocks previously used for supplementation by the CBF in the Lafayette 
and Elizabeth Rivers. The basis for these assumptions is that Tangier Island is a 
geographically isolated island residing on the eastern side of the Chesapeake Bay more 
than 100 kilometers from the Lafayette River. The simplest explanation for the 
unexpected genetic similarity was a possible mix-up at the hatchery where the Tangier 
Island oyster tissue was sampled; however, the hatchery manager, Mike Congrove, was 
confident that the oysters were from Tangier Island. Furthermore, CBF’s oyster 
restoration project manager, Tommy Leggett, was confident of the oysters’ origin. 
Therefore, two non-mutually exclusive explanations remain. First, oyster larvae are 
capable of dispersing between the lower Chesapeake Bay (i.e. Lafayette, Elizabeth, and 
James Rivers) and Tangier Island. This seems unlikely given the estimated dispersal 
radius of -12 km (Rose et al. 2006) for C. virginica and the distance between the
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locations of more than 100 kilometers. Second, there could have been a recent 
transplantation of oysters from the Lafayette (or James or Elizabeth) River to Tangier 
Island. If true, it is likely that the oysters originated from the Lafayette River and not 
from the Elizabeth or James Rivers due to the results from the distance trees (Figure 8) 
and correspondence analyses (Figure 14 & 15). The argument that oysters were 
transplanted from the lower Chesapeake Bay to Tangier Island is more parsimonious than 
an alternative explanation that oysters from Tangier were transplanted into the Lafayette 
prior to 2013. It is unlikely that Tangier oysters in the Lafayette would have a widespread 
influence on the allele frequencies of oysters in the Elizabeth and James Rivers.
The two genetic distance trees provide inferences about the relationships among 
geographic samples that are similar to those based on Fst estimates (Figure 7). The 
Edwards’ distance tree supports the suggestion that the Lafayette River and Tangier 
Island oysters are closely related. Furthermore, the Edwards’ tree also indicates that the 
Lafayette River spat 2014 are intermediate between the Lafayette, Elizabeth, and James 
Rivers. This result is supported by the elevated albeit non-significant F st estimate (F st =  
0.00079, p=0.27) between the Lafayette River and the 2014 Lafayette spat. If this is a 
non-random result, it could be that the 2014 Lafayette spat represent a pool of individuals 
that have yet to go through mortality and selection important to structuring juvenile 
oyster demographics (Roegner & Mann, 1995; Knights & Walters, 2010). The 2014 
Lafayette River spat have lower Fst estimates when compared to the Elizabeth and 
James Rivers than when compared to the Lafayette River. Estimated population census 
sizes from the 2011 survey (Mann et al. 2011) in the Elizabeth and James Rivers are 
much larger than that of the Lafayette River. It could be that the majority of the oyster
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larvae settling in the Lafayette River are individuals that were spawned outside the river. 
Hydrodynamic connections between the Lafayette, Elizabeth, and James Rivers likely 
facilitate transport of larvae. The individuals settling in the Lafayette River could be a 
unique combination of progeny from reproducing adults in the Lafayette, Elizabeth, and 
James Rivers. Although the Fst value between the 2014 Lafayette River spat and the 
Lafayette River adults could be random noise, a more extensive study involving multiple 
years of sampling would be ideal to determine whether this result is non-random. The 
Reynolds’ distance tree agrees with the Edwards’ tree except that the 2014 Lafayette 
River spat are more closely related to the James River samples than any other geographic 
sample. Libiger et al. (2009) demonstrated that Edwards’ distance is better at resolving 
true relationships when genetic similarity between groups is high, as it is in this study. It 
is reasonable to accept the Edwards’ tree as more likely than the Reynolds’ tree; 
however, the bootstrap support values are low for both trees.
Isolation by Distance
The lack of widespread statistically significant population structure does not mean 
that the geographic samples are part of a larger panmictic population. Tests for isolation 
by distance suggest that gene flow between populations is restricted by geographic 
distance. Larvae cannot disperse between the locations at extreme ends of the total range 
included in this study; rather larvae can disperse to nearby reefs. A stepping stone model 
of gene flow as proposed by Kimura & Weiss (1964) is supported in which migration is 
limited to proximal locations. Migration appears to be common among the Lafayette,
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Elizabeth, and James Rivers; however, single generation migration between these 
systems and the Great Wicomico River is not likely except through anthropogenic 
transplantation. It is more reasonable that intermediate locations (e.g., the York or 
Rappahannock Rivers receive immigrants from the Great Wicomico River and Tangier 
Island and then produces emigrants that settle in the lower Chesapeake Bay. Rose et al. 
(2006) identified isolation by distance in the Chesapeake Bay using microsatellites; 
however, the calculated slope (m=0.0007) was lower than the calculations presented in 
this thesis (m=0.0055-0.0078, Table 7). The type of molecular marker used influences the 
slopes in isolation by distance calculations. SNPs tend to have higher F St estimates than 
microsatellites because SNPs typically have higher major allele frequencies (Jakobsson et 
al. 2013). SNPs can only have two, three, or four alleles, while microsatellites can have 
15-30+ alleles limiting their maximum major-allele frequency. This is important because 
F st estimates and slopes in isolation by distance calculations are dependent on allele 
frequencies, therefore isolation by distance slope estimates will typically be higher using 
SNPs. Evidence for isolation by distance gives a possible explanation for the low level of 
population structure among geographic samples. When migration is high between 
adjacent populations and limited in non-adjacent populations, then there could be little to 
no structure evident in pair-wise comparisons between populations in close proximity; 
however, differences would exist in populations that are on the extreme ends of the total 
range, which is consistent with observations in this study, except for the anomaly of the 
Tangier Island oysters as discussed above.
Multivariate Analysis
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Principal component analyses (PCA) were performed because they can elucidate 
genetic structure using fewer assumptions about the data. Moreover, this type of analysis 
is useful to examine the influence of specific loci (Jombart et al. 2009). De Witt & 
Palumbi (2012) assessed the population structure of the red abalone and found that PCA 
provided supporting evidence for the results from Fst pair-wise comparisons. The first 
three principal components in all PCA performed for this study explain a small 
percentage of the total genetic covariance (less than 20%) limiting inference. NEH 
oysters appear to be only slightly different from the other geographic samples (Figures 
14-17). There are five individual 2014 Lafayette River spat that group with one Tangier 
Island oyster (Figure 14), which could be offspring of the planted Tangier Island oysters 
represented in the 2014 Lafayette River spat. The locus mych-289 driving this result is 
homozygous for one allele in these six oysters and homozygous for the alternative allele 
in the remaining oysters. The interpretation that the rare genotype represents offspring of 
the planted Tangier Island oysters and the Lafayette River spat 2014 should be met with 
skepticism because it is based upon one locus and few oysters have the genotype under 
consideration. Moreover, there is a complete lack of heterozygote genotypes observed, 
which is unusual given the observation of both homozygous genotypes. Additional 
evidence from more loci would provide convincing support for this result. Genotyping 
error can be eliminated as a possible explanation because the individual samples were run 
twice and the results were consistent between experiments. Overall, the results of the 
PCAs suggest very little population structure and these results are consistent with pair­
wise Fst estimates among the geographic samples.
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Correspondence analyses (CA) were performed to examine potential population 
structure not found in other analyses. CA is similar to PCA in that few assumptions are 
made concerning the data and CA can highlight the influence of specific loci (Jombart et 
al. 2009). Varney et al. (2009) estimated low levels of population structure with pairwise 
comparisons studying C. virginica in the Gulf of Mexico; however, factorial 
correspondence analysis (FCA) found population structure that was not obvious from the 
Fst estimates. The FCA used by Varney et al. is functionally the same analysis as the 
CA used in this study (Belkhir et al. 2004; Jombart et al. 2009). The total correlation of 
the loci explained by the three axes retained in the CAs is high, contrasting with the 
results of the PCAs where little was explained by the first three axes. The results of the 
CAs support the hypothesis that the Lafayette River and Tangier Island samples are 
similar; however, the exact nature of this relationship is not clear. The distance between 
these locations (greater than 100km) is greater than the estimated dispersal radius per 
generation of C. virginica (~12km; Rose et al. 2006) implying that migration is not 
possible. Much of the Chesapeake Bay is subject to repeated movement of oysters for 
fishery and restoration purposes. It is quite possible that either the Lafayette River or 
more likely Tangier Island was the recipient of transplanted oysters, confounding the 
results reported in this thesis. Additional oysters from Tangier Island need to be analyzed 
to resolve this enigma. The 2014 Lafayette River spat are correlated with the Elizabeth 
and James River samples. This result suggests that the spat are a composite of larvae 
spawned in these systems and supported by the observation that the majority of the spat 
were found near the mouth of the Lafayette River (Figure 3). When the Great Wicomico, 
Tangier, and NEH samples are removed from the analysis, the relationship between the
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geographic samples suggest that the spat are a distinct population (Figure 20). There are 
three non-mutually exclusive explanations for this result. First, larvae from the three 
systems mix, forming a composite group with different genotype frequencies than any 
one of the source populations. Second, sweepstakes reproductive success produces a 
cohort with a unique combination of the possible alleles contributed by any of the source 
populations. Third, the spat that have settled in the Lafayette River represent a cohort that 
has undergone selection for survival in a particular range of environmental conditions, 
although no evidence for selection was observed. Further research comparing the spat 
collected in the Lafayette, Elizabeth, and James Rivers over multiple years would provide 
data that might support the inferred population relationship.
Effective population size is the number of breeders in an ideal population 
experiencing the same amount of genetic drift and inbreeding as the population being 
studied. Estimates of effective population sizes (Ne) calculated in this study can be used 
to infer some population demographics. Infinite values are indicative of either a very 
large population size or that Ne could not be estimated because the data are not 
informative; therefore, inferences based upon infinite values are not reasonable (Waples 
& Do, 2009). The low estimates of Ne calculated by both methods for the NEH oysters 
were expected. Carlsson et al. (2006) found that hatchery-bred C. virginica produced 
from few parents had reduced genetic diversity making them susceptible to genetic drift. 
The low co-ancestry estimates of Ne for the Elizabeth River (10; 95% Cl: 3-20) and 
Tangier Island (5; 95 % Cl: 2-9) could be due to the introduction of hatchery-bred oysters 
used in restoration projects. Araki et al. (2007) observed that selectively-bred, hatcheiy- 
reared salmon released into the wild lowered Ne estimates for wild populations. CBF
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maintains restoration sites in the Elizabeth River in addition to the sites in the Lafayette 
River. Furthermore, migrant larvae produced by restoration plantings in the Lafayette 
River could influence the populations in the Elizabeth River and lower Ne estimates. The 
relatively high estimate for the 2014 Lafayette River spat could be another indication that 
the spat are composed of larvae produced in the Lafayette, Elizabeth, and James Rivers. 
The co-ancestiy Ne estimate for the James River is high compared to other Ne estimates 
in this study, but small relative to the 2011 survey estimates of census size (Mann et al. 
2011). The James River has no on-going restoration projects; however, migrant larvae 
produced by hatchery-bred oysters from plantings in the Lafayette and Elizabeth Rivers 
could be influencing the Ne estimate. Rose et al. (2006) estimated the James River Ne at 
535 (95% Cl: 234-6061) using the LD method, which overlaps with LD estimate reported 
herein only because it includes infinity. The Ne estimates in this study using the LD 
method are lower than other estimates using this method for C. virginica within the 
Chesapeake Bay (Rose et al. 2006) and in Delaware Bay (He et al. 2012). Both previous 
studies had larger sample sizes and a larger number of total alleles making the data 
potentially more informative and the estimates more reliable. Alternatively, low estimates 
could be an indication of sweepstakes reproductive success acting on these populations. 
Sweepstakes can lower Ne due to reduced number of contributing parents per generation 
(Hedgecock & Pudovkin, 2011). The influence of planted oysters and the influence of 
sweepstakes can lower estimates of Ne and their effects are not mutually exclusive.
Assignment Tests
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Assignment tests were conducted in order to determine whether NEH and/or 
Tangier Island planted oysters were contributing larvae to the 2014 spatfall in the 
Lafayette River. Previous research by Hare et al. (2006) used assignment testing to 
successfully identify C. virginica spat as originating from a hatchery strain planted for 
restoration purposes. Hare et al. used eight microsatellites and benefited from more total 
alleles (n=187) and a larger sample size (n=1579) than this thesis, likely increasing the 
statistical power. Additionally, assignment testing was successfully used previously to 
identify hatchery-bred salmon released into the wild (Hauser et al. 2006). Eight 
microsatellites were used in conjunction with a large sample size (n=1247). Assignment 
testing in this study using both Structure and Geneland software did not assign any 2014 
Lafayette River spat as potential NEH spawn. If an NEH spat was genotyped, it would 
most likely have been identified by the methods used in this project due to the stark 
genetic differences between the NEHs and all other oysters across analyses used in this 
thesis. The NEH oysters have a unique genotype compared to the other oysters increasing 
the likelihood of positive identification. Unfortunately, it is not known whether any of the 
sampled spat from 2014 could be Tangier Island spawn. The genotypic profiles of the 
sampled Tangier Island oysters could not be distinguished from the Lafayette, Elizabeth, 
or James River oysters. Morin et al. (2009) demonstrated that more than 75 SNP loci are 
necessary to discriminate between populations with low levels of genetic differentiation, 
as was observed in this project. Moreover, the increase in statistical power is greater 
when more loci are used relative to increasing sample sizes. The small Fst estimates in 
this study limits the usefulness of the Structure software because it has difficulty 
clustering populations and assigning individuals when F st values are below 0.03 (Latch
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et al. 2006). The same is likely true of the program Geneland since it is based upon the 
same Bayesian algorithm; however, there is one notable difference between the results of 
the two programs. Geneland clustered the Great Wicomico River samples separately, 
which was not seen in the Structure results. This result was not completely unexpected 
because Geneland incorporates more data in the simulation parameters. The performance 
of assignment tests in this study would have benefited from the inclusion of more loci to 
discriminate between populations.
Synthesis
Overall, the results of the analyses suggest that the degree of population 
connectivity is high among oyster reefs in the lower Chesapeake Bay limiting the 
population structure in the region. Non-random mating is likely occurring within reefs 
because reproduction is limited by proximity and widespread heterozygote deficiencies 
suggest that there is some substructure consistent with the Wahlund principle. Any 
substructure that exists would be short-lived likely coinciding with sweepstakes events. 
The individual oysters settling would be closely related due to the limited contribution of 
adults to the spawning, but the introduction of additional cohorts would limit any 
substructure and act to homogenize the populations. The effective population sizes for 
these rivers are low, possibly as a result of hatchery-bred oysters planted for restoration 
and sweepstakes reproductive events common in broadcast spawning organisms such as 
C. virginica. The Tangier Island oysters did not conform to expectations that they would 
be genetically distinct from the oysters in the Lafayette, Elizabeth, or James Rivers. The
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most likely explanation is that they are not Tangier Island oysters, but are a product of a 
mix-up in samples somewhere in the chain of events from geographic sampling of adults 
to DNA extraction. The next likely explanation based upon the genetic analysis is that 
oysters from the lower Chesapeake Bay were spawned in a hatchery and recently planted 
into Tangier Island Sound; however, no known plantings have occurred.
No NEH spawned oysters were detected in the spat recovered from the Lafayette 
River in 2014; however, it is unknown whether the NEH oysters spawned in the summer 
of 2014. Furthermore, it is not known whether the Tangier Island oysters spawned in the 
Lafayette River because there was low confidence that such spawn could be detected. 
Further management and research in the future concerning C. virginica in the lower 
Chesapeake Bay should consider them as one, large population.
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CONCLUSIONS
The first objective of this thesis was to develop a SNP panel to compare the 
genotypes of wild and hatchery oysters. The SNPs used were previously uncharacterized 
in wild populations and it was not known if they would be suitable for use in a population 
genetic study. The utility of these markers was in question because they were originally 
identified based on an association with disease resistance and for genome mapping 
studies. Genes that are under selection, as might be the case for loci associated with 
disease resistance, likely violate the no selection assumption of Hardy-Weinberg 
expectations. No evidence for selection on these markers was found; however, the 
simulation software is known to perform poorly on datasets such as the ones used for this 
study that have a small number of populations under consideration and low Fst estimates. 
Furthermore, the widespread heterozygote deficiencies could be an indication of 
substructure consistent with the Wahlund principle. The presence of substructure is likely 
true given the reproductive strategy employed by C. virginica, but would not be stable on 
long time scales. Alternatively, heterozygote deficiencies could be due to some loci 
having hidden alternate alleles. The loci in question need to be sequenced to confirm the 
SNPs and to rule out possible unobserved variation. The loci utilized performed well and 
demonstrate results similar to studies examining C. virginica using microsatellites (Hare 
et al. 2006; Rose et al. 2006, He et al. 2012) and SNPs (Varney et al. 2009). The SNP 
panel developed for this project could be adapted for other population genetic studies; 
however, several steps would be prudent. First, targeted sequencing previously 
mentioned to confirm the SNPs. Second, Morin et al. (2009) recommends more than 75
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SNPs would be sufficient to increase the ability to detect true population structure where 
it exists with low Fst estimates as calculated in this study. Moreover, benefits of 
increasing the number of markers has a larger effect on statistical power compared to 
increasing the sample size.
The second objective of this thesis was to determine the overall level of genetic 
differentiation between the Lafayette, Elizabeth, and James Rivers, Tangier Island, and 
NEH oysters. The NEHs proved to be very different from all the other oyster samples. 
This gave confidence that an NEH spat could be positively identified. The Lafayette, 
Elizabeth, and James Rivers appear to comprise an open population with high rates of 
migration and a high degree of connectivity among reefs. The small genetic differences 
between geographic samples gave low confidence that spat could be assigned to any of 
these individual regions as a source during assignment testing. Most surprising was the 
low level of differentiation between the Tangier Island oysters and the Elizabeth, James, 
and especially the Lafayette River oysters. This was disappointing because an expectation 
at the beginning of this study was that the planted Tangier Island oysters would be 
genetically distinct from the wild Lafayette River oysters. The evidence suggests that the 
Tangier samples are influenced by Lafayette River oysters (possibly Elizabeth or James 
River oysters) transplanted near Tangier Island. There was a lack of differentiation 
among geographic samples examined except for the NEH samples, which limited 
confidence to identify source populations.
The third objective of this thesis was to determine likely source populations for 
the spat settling in the Lafayette River. The evidence suggests that the larvae settling in 
the Lafayette River are composed of larvae spawned in the Lafayette, Elizabeth, and
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James Rivers. The exact larval contribution of the rivers is unknown; however, it appears 
that the majority of the larvae come from outside the Lafayette River. This is most likely 
a function of the large population census size differential among these locations and is 
supported by the observation that the majority of spat were recovered in spat collectors 
near the mouth of the Lafayette River. The spat produced in the Lafayette River are out 
numbered by those produced elsewhere; however, the temporal stability of this 
relationship is unknown. Multiple years of sampling spat in these systems is needed to 
establish an accurate estimate of gene flow. This study could have benefited from 
deploying additional spat collectors in the Elizabeth and James Rivers to more fully 
characterize the population genetics in this system mediated by larval dispersal and 
transport. Overall, the results of this study suggest that the spat, which have settled in the 
Lafayette River, are a combination of larvae produced in the region.
This thesis presents some initial data that would be useful for additional research 
into oyster population dynamics and genetics in the Lower Chesapeake Bay. The factors 
influencing the differences of inter-annual spat settlement remain unresolved. 
Furthermore, factors that are driving the differences in spat size between regions in the 
Lafayette River are unknown. A rigorous experimental design placing spat collectors at 
specific locations with respect to zonation (e.g. tidal zone, region of river, bottom type) 
and for multiple years would help to tease apart different influences. Furthermore, 
additional spat collectors deployed out of the Lafayette River in the Elizabeth and James 
Rivers would be useful to better estimate the different migration rates among these 
systems. To be able to discern any potential spawn from restoration planted oysters, more 
that 75 SNPs should be used to give sufficient power as recommended by Morin et al.
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(2009). This thesis provides some insights that should be used to guide further research 
into this dynamic oyster population residing in the Chesapeake Bay.
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TABLES
Table 1. Oyster samples used for genotyping
Population Sampling location (year)
Lafayette River
Elizabeth River
James River
Tangier Island
Colley Ave Bridge 
Hermitage Reef 
Granby Street Bridge 
Mayflower Road 
Spat
(2012)
(2013)
(2014)
Subtotal LR 
Hospital Point
(2013)
(2014)
Western Branch
(2013)
(2014)
Subtotal ER 
Crusier's Rock
(2013)
(2014) 
Deep Water Shoal
(2013)
(2014)
Wreck Shoals
(2013)
Subtotal JR
Cod Harbor 
Great Wicomico River
Cranes Creek/Fleet Point
Haskin NEH______________________________
Total
70
n
9
7
9
9
5
31
187
257
19
12
28
12
71
15 
12
14
12
16
69
47
46
70 
560
Table 2. SNP loci tested for panel development
Marker name Putative Gene Score
ann-301 annexin VII isoform 2 0
arp-133* Agrin precursor 4
at-473* # putative alpha-tubulin 4
ba-83* beta-actin 3
bt-558* beta-tubulin 4
btf-256 basic transcription 
factor 3
1
bty-288* beta thymosin 4
car-289 cyclic AMP-regulated 
protein
1
cav-449 cavortin 0
cbl-559 Chymotrypsinogen
B1
0
cba-243 cytoskeletal beta actin 0
cbp-380 calcium binding 
protein 2
0
cbp2-151 calcium binding 
protein 2
1
chp-146 conserved 
hypothetical protein
1
cm4-346* Calmodulin 4 4
cp-373 cytochrome P450-like 
TATA Box Binding 
Protein
2
cps2-261 hypothetical protein 
CPS 0382
0
cytb-194* cytochrome b 
(mitochondrial)
2
dap-330* death-associated
protein
4
fab-160* fatty acid binding 
protein 7, brain, a
4
fad-185* fatty acid desaturase 3
fer-116* ferritin subunit 2
glup-354* glucose transport 
protein
2
hsp27-122* heat shock protein 27 3
hsp40-211 heat shock protein 40 2
hsp6-205* # heat shock protein 6 2
hsp60-674 heat shock protein 60 0
hsp70-237* heat shock protein 70 2
hsp70-450* heat shock protein 70 2
hyp-205 # heat shock protein 6 0
hyp-5 73 hypothetical 18K 
protein
1
SNP Reference GenBank #
C/T
A/G
C/T
C/G
C/T
C/T
Guo unpublished 
Guo unpublished 
Guo unpublished 
Guo unpublished 
Guo unpublished 
Guo unpublished
CD646706
CV088502
CD648182
CV087853
CD649126
CD648494
A/G
C/G
Guo unpublished 
Guo unpublished
BG624734
CD650391
C/T
C/G
Guo unpublished 
Guo unpublished
CD648621
CV088182
A/T Guo unpublished BG624547
C/T Guo unpublished CV132712
A/G Guo unpublished CV132993
C/T Guo unpublished BG624547
C/T
A/G
Guo unpublished 
Guo unpublished
CV088142
CV087753
A/C Guo unpublished CV088654
C/T Guo unpublished CD648412
C/T Guo unpublished CV088244
C/T Guo unpublished CV088529
C/T Zhang & Guo 2010 CV088676
C/T Guo unpublished CV089037
C/T Zhang & Guo 2010 CD650160
G/T Zhang & Guo 2010 CD648461
C/T Zhang & Guo 2010 CD648907
C/T Zhang & Guo 2010 CV089090
A/G Zhang & Guo 2010 CD658752
C/T Zhang & Guo 2010 CD649237
C/T Zhang & Guo 2010 CD649237
C/T Zhang & Guo 2010 CV089090
A/C Guo unpublished CD646713
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Table 2 (continued). SNP loci tested for panel development
Marker name Putative Gene Score SNP Reference GenBank #
idh-313* isocitrate
dehydrogenase
4 A/G Guo unpublished CD647562
im-470 immunity associated 
protein
1 A/G Zhang & Guo 2010 CD649275
img-279 Immunoglobulin 
superfamily, member 
4D
0 A/G Guo unpublished CV089368
imuc-149 intestinal mucin 1 A/G Zhang & Guo 2010 CV088340
ldl-185* LDL receptor 4 G/T Guo unpublished BG624806
mac-449* methyl-accepting 
chemotaxis sensory 
transducer with 
Pas/Pac sensor
3 A/T Guo unpublished CV089079
mk-661 mKIAA1394 protein: 
no homologues
0 C/T Zhang & Guo 2010 CD648243
mt-hii-136 metallothionein IIH 1 C/G Guo unpublished CV088235
mt-iii-465* metallothionein 3 C/G Zhang & Guo 2010 DQ354066
myc-194 Myc homolog 0 A/C Zhang & Guo 2010 CV087464
myc-317* Myc homolog 3 C/T Guo unpublished CV087288
myc-326* Myc homolog 4 A/T Guo unpublished CV088272
myc-80* Myc homolog 4 G/T Guo unpublished CV087098
mycl-194* Myc homolog 2 A/C Zhang & Guo 2010 CV087464
myc6-317 Myc homolog 1 C/T Zhang & Guo 2010 CV087288
myc7-373* Myc homolog 4 C/T Zhang & Guo 2010 CV087426
mych-289* Myc homolog 2 A/T Guo unpublished CV088537
not 1-322* not characterized 4 G/T Zhang & Guo 2010 CV089070
npa-532 nascent-polypeptide- 
associated complex 
alpha polypeptide
0 C/T Guo unpublished CD650278
nss-417* No significant 
similarity found
4 C/T Guo unpublished CD647187
nss-85 No significant 
similarity found
1 A/G Guo unpublished CD647833
nssl-228* No significant 
similarity found
3 A/G Zhang & Guo 2010 CV087231
nss2-198* No significant 
similarity found
3 A/T Guo unpublished CD647833
opi-270 oocyte protease 
inhibitor-2
1 A/G Guo unpublished CV088432
pbb-71 Chaprone protein: 
CG32369-PB, 
isoform B
1 A/C Guo unpublished CV088184
pl-514* pancreatic lipase 
precursor
4 A/G Guo unpublished CV088499
pl2-423 proteoliaisin 0 A/T Guo unpublished CV089211
plp-219 Precerebellin-like
protein
0 C/T Zhang & Guo 2010 BG624815
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Table 2 (continued). SNP loci tested for panel development
Marker name Putative Gene Score SNP Reference GenBank #
pls-71 Unknown 0
prp-198* prolactin-related 
protein 3
3
pt-473* # putative alpha-tubulin 4
qm-457 QM, a putative tumor 
suppressor
1
rpl-176* ribosomal protein 
L17A
4
rpll3-462 ribosomal protein L I3 0
rpll3a-183* ribosomal protein 
L13a
3
rpll9-537* ribosomal protein L19 4
rp122-400 ribosomal protein L22 I
rpl4-493* ribosomal protein L4 3
rpl7-234* ribosomal protein L7a 4
rpl9-451* ribosomal protein Lp 4
rpo-422* ribosomal protein P0 3
rpp2-171* ribosomal protein P2- 
like
4
rps 15-301* ribosomal protein S15 2
rps23-327* Ribosomal protein 
S23
3
rps6-166 ribosomal protein S6 1
sab-145* sialic acid binding 
lectin
3
sip-115 stress-induced- 
phosphoprotein 1 
(Hsp70/Hsp90- 
organizing protein)
0
spi-119 serine protease 
inhibitor 1
1
spi-87 serine protease 
inhibitor 1
0
sr-378 SREC receptor 0
stp-470* outer dense fiber of 
sperm tail protein 3
3
tf-393* Transcription Factor 
AP-1
4
tgl-311 triglyceride lipase 0
tn-200 Tenascin precursor 
(TN)
0
tpa-136 Tissue plasminogen 
activator: HDC09735
0
ubc-448 ubiquitin C 1
unk-399* No significant 
similarity found
2
A/G
A/G
Zhang & Guo 2010 
Guo unpublished
BX266687
CV088332
C/T
A/G
Zhang & Guo 2010 
Guo unpublished
CD648182
CD646839
A/C Guo unpublished CV088434
G/T
G/T
Zhang & Guo 2010 
Zhang & Guo 2010
CD647022
CD648271
A/C
C/T
C/T
A/C
C/T
C/T
C/T
Zhang & Guo 2010 
Zhang & Guo 2010 
Zhang & Guo 2010 
Zhang & Guo 2010 
Guo unpublished 
Guo unpublished 
Zhang & Guo 2010
CD648717
CV088023
CD647084
CD647971
CV088640
CD649901
CD649790
A/T Zhang & Guo 2010 CD646628
C/T Zhang & Guo 2010 CD647577
A/T
A/G
Guo unpublished 
Guo unpublished
CV088942
CV088319
A/G Zhang & Guo 2010 CD648711
A/G Guo unpublished CV088274
C/T Guo unpublished CV088702
A/G
C/T
Zhang & Guo 2010 
Guo unpublished
BG624783
CD650129
A/T Zhang & Guo 2010 BG624651
C/G
C/T
Guo unpublished 
Guo unpublished
CV132302
CV088139
A/G Guo unpublished CV088321
A/C
A/T
Guo unpublished 
Guo unpublished
CD647946
CD646719
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Table 2 (continued). SNP loci tested for panel development
Marker name Putative Gene Score SNP Reference GenBank #
upp-260 unnamed protein 
product
1
upp-263* unnamed protein 
product
3
uppl-187 unnamed protein 
product
1
vdg3-264 vdg3 0
vit-223 vitellogenin 1
vrrb-125 VrrB: Hypervariable 
Open Reading Frame
2
vwc-257 Von Willebrand 
factor, type C 
domain-containing 
protein 3
2
* Denotes markers chosen for SNP panel.
# Denotes duplicate marker.
A/G Guo unpublished CV088657
A/G Zhang & Guo 2010 CV087497
C/T Zhang & Guo 2010 CV088119
C/G Guo unpublished CV088255
A/C Zhang & Guo 2010 CD647526
A/G Guo unpublished CV087213
A/T Guo unpublished CV087114
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Table 3. HWE Summary Statistics, n is number o f samples genotyped, MAF is minor allele frequency, Ho 
is observed heterozygosity, He is expected heterozygosity under HWE expectations, and Fis is the 
inbreeding f-statistic. Table on following pages.
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Table3. HWE 
Locus
Summary Statistics. Bold 
Lafayette River 
n MAF
indicates significance (p<0.02) 
Ho He Fis Exact P
arp-133 70 0.0714 0.1429 0.1327 -0.0698 1
ba-83 68 0.3088 0.1765 0.4269 0.5915 2.12665E-06
bt-558 70 0.0643 0.1286 0.1203 -0.0615 1
bty-288 69 0.2971 0.3333 0.4177 0.2089 0.091578823
cm4-346 70 0.4571 0.4857 0.4963 0.0286 1
dap-330 70 0.2571 0.4286 0.3820 -0.1147 0.529142038
fab-160 70 0.1357 0.2143 0.2346 0.0937 0.599721831
fad-185 69 0.4493 0.4638 0.4949 0.0701 0.629258454
glup-354 70 0.0286 0.0571 0.0555 -0.0222 1
hsp27-122 70 0.1643 0.1571 0.2746 0.4336 0.001637639
hsp6-205 69 0.0217 0.0435 0.0425 -0.0149 1
hsp70-237 70 0.1286 0.2000 0.2241 0.1146 0.302218383
hsp70-450 70 0.0071 0.0143 0.0142 0.0000 1
idh-313 70 0.3286 0.3714 0.4412 0.1652 0.183496031
ldl-185 70 0.4786 0.4429 0.4991 0.1198 0.345534603
mac-449 69 0.0942 0.1884 0.1707 -0.0968 1
mt-iii-465 69 0.0000 0.0000 0.0000 NA 1
myc-80 68 0.4265 0.4706 0.4892 0.0454 0.805004617
mycl-194 70 0.1286 0.2571 0.2241 -0.1405 0.58779696
myc7-373 69 0.3986 0.4493 0.4794 0.0701 0.619007406
my ch-289 69 0.0000 0.0000 0.0000 NA 1
notl-322 70 0.4429 0.5429 0.4935 -0.0930 0.474449575
nssl-228 66 0.5000 0.2727 0.5000 0.4606 0.000210213
nss2-198 69 0.3116 0.4203 0.4290 0.0276 1
pl-514 70 0.2857 0.3429 0.4082 0.1670 0.237465148
pt-473 70 0.4929 0.5286 0.4999 -0.0502 0.810908028
rpl-176 69 0.1957 0.2754 0.3147 0.1323 0.268578451
rpll3a-183 70 0.0929 0.1286 0.1685 0.2436 0.093776622
rpll9-537 70 0.2357 0.3857 0.3603 -0.0634 0.744659628
rpl7-234 70 0.2714 0.4286 0.3955 -0.0764 0.761481728
rpo-422 64 0.3516 0.3281 0.4559 0.2876 0.028438648
rpp2-171 70 0.3571 0.5429 0.4592 -0.1753 0.192839975
rpsl5-301 69 0.0145 0.0290 0.0286 -0.0074 1
rps23-327 67 0.2388 0.3284 0.3636 0.1043 0.498783804
stp-470 66 0.1591 0.2576 0.2676 0.0449 0.656579714
tf-393 70 0.2429 0.3714 0.3678 -0.0028 1
unk-399 70 0.1000 0.1429 0.1800 0.2132 0.125335176
upp-263 69 0.1667 0.2464 0.2778 0.1202 0.378390957
Overall 0.1054
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Table 3 (continued). HWE Summary Statistics. Bold indicates significance (p<0.02)
Elizabeth River
Locus n MAF Ho He Fis__________ Exact P
arp-133 71 0.0845 0.1408 0.1547 0.0968 0.397335731
ba-83 70 0.3929 0.2714 0.4770 0.4369 0.000366289
bt-558 71 0.0493 0.0986 0.0937 -0.0448 1
bty-288 70 0.2929 0.3000 0.4142 0.2823 0.022836299
cm4-346 71 0.4648 0.4225 0.4975 0.1576 0.233477935
dap-330 71 0.3662 0.4789 0.4642 -0.0245 1
fab-160 71 0.1268 0.2535 0.2214 -0.1382 0.58714731
fad-185 71 0.4437 0.5211 0.4937 -0.0486 0.810083432
glup-354 71 0.0775 0.1268 0.1429 0.1201 0.342091506
hsp27-122 70 0.1643 0.1571 0.2746 0.4336 0.001637639
hsp6-205 69 0.0217 0.0145 0.0425 0.6634 0.02189781
hsp70-237 71 0.1127 0.2254 0.2000 -0.1200 0.586043426
hsp70-450 71 0.0000 0.0000 0.0000 NA 1
idh-313 71 0.3521 0.4789 0.4563 -0.0425 0.797581209
ldl-185 71 0.4859 0.4648 0.4996 0.0767 0.634585863
mac-449 71 0.1338 0.2394 0.2318 -0.0259 1
mt-iii-465 70 0.0357 0.0143 0.0689 0.7953 0.000787691
myc-80 71 0.4437 0.4930 0.4937 0.0085 1
mycl-194 71 0.1127 0.2254 0.2000 -0.1200 0.586043426
myc7-373 71 0.3873 0.4366 0.4746 0.0871 0.615958815
mych-289 71 0.0000 0.0000 0.0000 NA 1
notl-322 69 0.4638 0.5217 0.4974 -0.0417 0.810094203
nss 1-228 70 0.4500 0.2429 0.4950 0.5147 2.52986E-05
nss2-198 70 0.4214 0.4429 0.4877 0.0990 0.465522223
pl-514 70 0.3000 0.3714 0.4200 0.1227 0.391714436
pt-473 71 0.4577 0.4930 0.4964 0.0141 1
rpl-176 71 0.2465 0.2676 0.3715 0.2861 0.023606759
rpll3a-183 69 0.1304 0.1159 0.2268 0.4944 0.000821269
rpl 19-537 71 0.2183 0.2676 0.3413 0.2227 0.079917645
rpl7-234 71 0.2606 0.2958 0.3853 0.2391 0.06202935
rpo-422 70 0.4000 0.2571 0.4800 0.4699 0.000130508
rpp2-171 71 0.3451 0.4648 0.4520 -0.0212 1
rpsl5-301 71 0.0352 0.0704 0.0679 -0.0294 1
rps23-327 68 0.2721 0.3382 0.3961 0.1533 0.228022802
stp-470 71 0.2606 0.3521 0.3853 0.0933 0.536322867
tf-393 71 0.2254 0.3380 0.3491 0.0389 0.739704461
unk-399 71 0.0704 0.0845 0.1309 0.3607 0.02983721
upp-263 71 0.1972 0.3662 0.3166 -0.1497 0.276952641
Overall 0.1551
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Table 3 (continued). HWE Summary Statistics. Bold indicates significance (p<0.02)
James River
Locus n MAF Ho He Fis Exact P
arp-133 69 0.0217 0.0435 0.0425 -0.0149 1
ba-83 65 0.3385 0.1846 0.4478 0.5928 2.56762E-06
bt-558 69 0.0290 0.0580 0.0563 -0.0226 1
bty-288 66 0.3712 0.4697 0.4668 0.0015 1
cm4-346 69 0.4928 0.5507 0.4999 -0.0945 0.475793611
dap-330 69 0.3623 0.4348 0.4621 0.0664 0.609169008
fab-160 69 0.1449 0.2899 0.2478 -0.1624 0.335810237
fad-185 69 0.4130 0.4203 0.4849 0.1404 0.319871541
glup-354 69 0.0725 0.1449 0.1344 -0.0709 1
hsp27-122 67 0.2090 0.3284 0.3306 0.0143 1
hsp6-205 69 0.0217 ' 0.0145 0.0425 0.6634 0.02189781
hsp70-237 69 0.1667 0.3043 0.2778 -0.0884 0.675278858
hsp70-450 69 0.0072 0.0145 0.0144 0.0000 1
idh-313 68 0.3015 0.4265 0.4212 -0.0052 1
ldl-185 69 0.4565 0.4783 0.4962 0.0435 0.80924641
mac-449 68 0.1103 0.2206 0.1963 -0.1167 1
mt-iii-465 69 0.0072 0.0145 0.0144 0.0000 1
myc-80 67 0.4701 0.4627 0.4982 0.0788 0.624272161
mycl-194 69 0.0725 0.1449 0.1344 -0.0709 1
myc7-373 68 0.3897 0.3971 0.4757 0.1725 0.202184312
my ch-289 65 0.0000 0.0000 0.0000 NA 1
notl-322 68 0.4706 0.6176 0.4983 -0.2326 0.086672155
nssl-228 62 0.4194 0.1613 0.4870 0.6733 7.31626E-08
nss2-198 68 0.3971 0.4706 0.4788 0.0246 1
pl-514 68 0.2941 0.4412 0.4152 -0.0551 0.772852438
pt-473 69 0.4928 0.5797 0.4999 -0.1525 0.234123184
rpl-176 68 0.2794 0.2941 0.4027 0.2765 0.033134706
rpll3a-183 64 0.1250 0.0938 0.2188 0.5767 0.000241042
rpl 19-537 69 0.2536 0.3623 0.3786 0.0503 0.75144054
rpl7-234 67 0.2836 0.4478 0.4063 -0.0945 0.551820387
rpo-422 66 0.2879 0.2424 0.4100 0.4151 0.001687367
rpp2-171 68 0.3750 0.5147 0.4688 -0.0907 0.604052181
rpsl5-301 69 0.0290 0.0580 0.0563 -0.0226 1
rps23-327 67 0.2836 0.4179 0.4063 -0.0210 1
stp-470 69 0.1957 0.3043 0.3147 0.0403 0.71017931
tf-393 69 0.2826 0.3623 0.4055 0.1137 0.37912821
unk-399 69 0.0580 0.1159 0.1092 -0.0543 1
upp-263 69 0.1739 0.3188 0.2873 -0.1024 0.674714126
Overall 0.0842
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Table 3 (continued). HWE Summary Statistics. Bold indicates significance (p<0.02)
Great Wicomico River
Locus n MAF Ho He Fis Exact P
arp-133 46 0.0543 0.1087 0.1028 -0.0465 1
ba-83 46 0.2609 0.2609 0.3856 0.3333 0.047628365
bt-558 46 0.0761 0.1522 0.1406 -0.0714 1
bty-288 46 0.4674 0.3696 0.4979 0.2679 0.082092133
cm4-346 46 0.4130 0.3913 0.4849 0.2035 0.224638171
dap-330 46 0.2391 0.3043 0.3639 0.1743 0.246572246
fab-160 46 0.1413 0.2826 0.2427 -0.1538 0.571715492
fad-185 46 0.4674 0.5435 0.4979 -0.0807 0.766542224
glup-354 46 0.1413 0.2391 0.2427 0.0256 1
hsp27-122 46 0.1630 0.1522 0.2729 0.4512 0.009114234
hsp6-205 46 0.0109 0.0217 0.0215 0.0000 1
hsp70-237 46 0.1630 0.2826 0.2729 -0.0245 1
hsp70-450 46 0.0109 0.0217 0.0215 0.0000 1
idh-313 46 0.3804 0.5000 0.4714 -0.0497 0.764334849
ldl-185 46 0.5000 0.5652 0.5000 -0.1196 0.554822225
mac-449 46 0.0543 0.1087 0.1028 -0.0465 1
mt-iii-465 46 0.0109 0.0217 0.0215 0.0000 1
myc-80 44 0.2273 0.3636 0.3512 -0.0238 1
mycl-194 46 0.0109 0.0217 0.0215 0.0000 1
myc7-373 45 0.2444 0.3556 0.3694 0.0486 0.703773576
mych-289 45 0.0000 0.0000 0.0000 NA 1
notl-322 46 0.4130 0.4783 0.4849 0.0246 1
nssl-228 42 0.3810 0.2381 0.4717 0.5042 0.002309031
nss2-198 46 0.3261 0.4783 0.4395 -0.0773 0.740396065
pl-514 46 0.3261 0.3478 0.4395 0.2191 0.180742655
pt-473 46 0.4348 0.5217 0.4915 -0.0506 0.77105624
rpl-176 46 0.2065 0.2826 0.3277 0.1485 0.368372274
rpll3a-183 45 0.1444 0.1556 0.2472 0.3803 0.0320506
rpll9-537 46 0.1957 0.3478 0.3147 -0.0942 1
rpl7-234 46 0.3043 0.3913 0.4234 0.0868 0.726561373
rpo-422 46 0.3696 0.3043 0.4660 0.3565 0.024971703
rpp2-171 46 0.2609 0.3913 0.3856 -0.0037 1
rpsl5-301 46 0.0326 0.0652 0.0631 -0.0227 1
rps23-327 46 0.2065 0.2391 0.3277 0.2805 0.074310373
stp-470 46 0.1848 0.2826 0.3013 0.0729 0.631213367
tf-393 46 0.2283 0.2826 0.3523 0.2084 0.205988734
unk-399 46 0.1087 0.0870 0.1938 0.5588 0.004235004
upp-263 46 0.2717 0.2826 0.3958 0.2960 0.062005912
Overall 0.1471
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Table 3 (continued). HWE Summary Statistics. Bold indicates significance (p<0.02)
Tangier Island
Locus n MAF Ho He Fis Exact P
arp-133 47 0.0532 0.1064 0.1007 -0.0455 1
ba-83 40 0.2375 0.1750 0.3622 0.5260 0.002405044
bt-558 47 0.0851 0.1277 0.1557 0.1906 0.276817386
bty-288 46 0.2609 0.2174 0.3856 0.4451 0.004735456
cm4-346 47 0.5000 0.4043 0.5000 0.2018 0.241719364
dap-330 46 0.3370 0.5435 0.4468 -0.2058 0.198729988
fab-160 47 0.1489 0.2979 0.2535 -0.1646 0.570180422
fad-185 47 0.3936 0.4894 0.4774 -0.0144 1
glup-354 47 0.0638 0.1277 0.1195 -0.0575 1
hsp27-122 43 0.2326 0.2791 0.3569 0.2294 0.192112416
hsp6-205 46 0.0109 0.0217 0.0215 0.0000 1
hsp70-237 47 0.1170 0.1915 0.2067 0.0841 0.483356193
hsp70-450 47 0.0106 0.0213 0.0211 0.0000 1
idh-313 47 0.3085 0.4043 0.4267 0.0632 0.736082021
ldl-185 47 0.4894 0.4681 0.4998 0.0741 0.770230826
mac-449 47 0.0638 0.1277 0.1195 -0.0575 1
mt-iii-465 47 0.0000 0.0000 0.0000 NA 1
myc-80 46 0.4348 0.5217 0.4915 -0.0506 0.77105624
mycl-194 47 0.1277 0.2553 0.2227 -0.1358 1
myc7-373 47 0.4043 0.4681 0.4817 0.0389 1
my ch-289 47 0.0106 0.0000 0.0416 1.0000 1
not 1-322 47 0.5000 0.6170 0.5000 -0.2239 0.151502977
nss 1-228 45 0.4667 0.1778 0.4978 0.6494 1.38469E-05
nss2-198 47 0.3723 0.4043 0.4674 0.1457 0.359137866
pl-514 46 0.2717 0.4130 0.3958 -0.0326 1
pt-473 46 0.4783 0.5652 0.4991 -0.1218 0.553730373
rpl-176 47 0.1809 0.2340 0.2963 0.2203 0.148049646
rpll3a-183 46 0.0435 0.0870 0.0832 -0.0345 1
rpl 19-537 46 0.2065 0.3696 0.3277 -0.1168 0.659121545
rpl7-234 46 0.2065 0.2391 0.3277 0.2805 0.074310373
rpo-422 45 0.4556 0.3333 0.4960 0.3380 0.034666315
rpp2-171 47 0.3617 0.4255 0.4617 0.0891 0.545411085
rpsl5-301 47 0.0319 0.0638 0.0618 -0.0222 1
rps23-327 46 0.2391 0.3043 0.3639 0.1743 0.246572246
stp-470 47 0.1596 0.2766 0.2682 -0.0205 1
tf-393 47 0.2660 0.2766 0.3904 0.3014 0.05814098
unk-399 47 0.0957 0.1489 0.1732 0.1504 0.344090188
upp-263 47 0.0851 0.1277 0.1557 0.1906 0.276817386
Overall 0.1300
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Table 3 (continued). HWE Summary Statistics. Bold indicates significance (p<0.02)
NEH
Locus n MAF Ho He Fis Exact P
arp-133 70 0.2429 0.4286 0.3678 -0.1584 0.324641087
ba-83 69 0.4783 0.2899 0.4991 0.4252 0.000614218
bt-558 70 0.0071 0.0143 0.0142 0.0000 1
bty-288 70 0.0286 0.0571 0.0555 -0.0222 1
cm4-346 70 0.4357 0.6429 0.4917 -0.3008 0.015283531
dap-330 70 0.0286 0.0571 0.0555 -0.0222 1
fab-160 70 0.4857 0.6000 0.4996 -0.1941 0.14977656
fad-185 69 0.4420 0.5362 0.4933 -0.0798 0.625443816
glup-354 70 0.0500 0.1000 0.0950 -0.0455 1
hsp27-122 63 0.4524 0.0794 0.4955 0.8422 1.46472E-12
hsp6-205 70 0.0000 0.0000 0.0000 NA 1
hsp70-237 70 0.2643 0.4714 0.3889 -0.2054 0.122625154
hsp70-450 70 0.0000 0.0000 0.0000 NA 1
idh-313 70 0.0000 0.0000 0.0000 NA 1
ldl-185 70 0.3071 0.5000 0.4256 -0.1678 0.257975882
mac-449 70 0.1714 0.3429 0.2841 -0.2000 0.194369452
mt-iii-465 70 0.0000 0.0000 0.0000 NA 1
myc-80 70 0.3286 0.4286 0.4412 0.0359 0.790310656
mycl-194 70 0.1000 0.2000 0.1800 -0.1040 1
myc7-373 70 0.2071 0.3571 0.3285 -0.0802 0.71782446
my ch-289 70 0.0000 0.0000 0.0000 NA 1
notl-322 70 0.2500 0.3571 0.3750 0.0548 0.749652342
nss1-228 68 0.3750 0.2206 0.4688 0.5347 1.6528E-05
nss2-198 70 0.4500 0.4714 0.4950 0.0548 0.808788967
pl-514 70 0.0429 0.0857 0.0820 -0.0376 1
pt-473 70 0.3143 0.5143 0.4310 -0.1862 0.165026448
rpl-176 70 0.0643 0.1286 0.1203 -0.0615 1
rpll3a-183 69 0.2899 0.3188 0.4117 0.2324 0.076726148
rpll9-537 70 0.0000 0.0000 0.0000 NA 1
rpl7-234 70 0.0214 0.0429 0.0419 -0.0147 1
rpo-422 65 0.1462 0.0462 0.2496 0.8177 3.92995E-08
rpp2-171 70 0.4929 0.6429 0.4999 -0.2794 0.030360187
rpsl5-301 70 0.0000 0.0000 0.0000 NA 1
rps23-327 67 0.4627 0.5075 0.4972 -0.0131 1
stp-470 70 0.0929 0.1286 0.1685 0.2436 0.093776622
tf-393 70 0.3214 0.3857 0.4362 0.1229 0.409061621
unk-399 70 0.0214 0.0429 0.0419 -0.0147 1
upp-263 70 0.0857 0.1429 0.1567 0.0957 0.402079421
Overall 0.0552
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Table 3 (continued). HWE Summary Statistics. Bold indicates significance (p<0.02)
Lafayette River spat 2014
Locus n MAE Ho He Lis Exact P
arp-133 187 0.0695 0.1283 0.1294 0.0106 1
ba-83 185 0.3189 0.2054 0.4344 0.5291 1.78174E-12
bt-558 186 0.0591 0.1075 0.1113 0.0365 0.4828751
bty-288 186 0.3280 0.3656 0.4408 0.1732 0.020418835
cm4-346 185 0.4541 0.4324 0.4958 0.1304 0.102086949
dap-330 187 0.3636 0.4706 0.4628 -0.0141 0.875438041
fab-160 187 0.1176 0.1925 0.2076 0.0754 0.291573528
fad-185 187 0.4706 0.4171 0.4983 0.1655 0.027776761
glup-354 187 0.0722 0.1444 0.1340 -0.0751 0.60339565
hsp27-122 186 0.1747 0.1882 0.2884 0.3499 1.59065E-05
hsp6-205 182 0.0082 0.0165 0.0163 -0.0056 1
hsp70-237 186 0.1720 0.2903 0.2849 -0.0164 1
hsp70-450 187 0.0053 0.0107 0.0106 -0.0027 1
idh-313 186 0.3065 0.4624 0.4251 -0.0850 0.300444569
ldl-185 187 0.5000 0.5187 0.5000 -0.0348 0.662436798
mac-449 185 0.0865 0.1622 0.1580 -0.0235 1
mt-iii-465 187 0.0053 0.0000 0.0106 1.0000 0.002680965
myc-80 184 0.4755 0.5054 0.4988 -0.0106 1
mycl-194 185 0.1162 0.2000 0.2054 0.0291 0.716943393
myc7-373 187 0.3824 0.4759 0.4723 -0.0050 1
mych-289 183 0.0273 0.0000 0.0532 1.0000 1.54157E-10
notl-322 187 0.4840 0.4973 0.4995 0.0070 1
nss1-22 8 186 0.3898 0.2419 0.4757 0.4935 2.30862E-11
nss2-198 187 0.4064 0.4920 0.4825 -0.0170 0.879760356
pl-514 187 0.3369 0.4492 0.4468 -0.0027 1
pt-473 186 0.4946 0.4839 0.4999 0.0348 0.661607175
rpl-176 186 0.2070 0.3280 0.3283 0.0037 1
rpll3a-183 185 0.1622 0.1946 0.2717 0.2864 0.000406358
rpll9-537 187 0.2326 0.3155 0.3570 0.1189 0.148747599
rpl7-234 187 0.2727 0.4171 0.3967 -0.0488 0.581482058
rpo-422 186 0.3844 0.3280 0.4733 0.3095 4.54329E-05
rpp2-171 187 0.3636 0.4920 0.4628 -0.0604 0.432829481
rpsl5-301 187 0.0187 0.0374 0.0367 -0.0164 1
rps23-327 186 0.1989 0.2581 0.3187 0.1929 0.011632711
stp-470 186 0.1935 0.3441 0.3122 -0.0996 0.238577681
tf-393 186 0.3011 0.4624 0.4209 -0.0960 0.223457318
unk-399 187 0.0936 0.1444 0.1697 0.1515 0.059182417
upp-263 187 0.1818 0.2995 0.2975 -0.0039 1
Overall 0.0915
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Table 3 (continued). HWE Summary Statistics. Bold indicates significance (p<0.02)
Overall
Locus___________Ho________ Hs__________Ht Fis (WC) Fst (WC) Exact P
arp-133 0.157 0.1483 0.1563 -0.0469 0.0548 1
ba-83 0.2234 0.4385 0.4454 0.5018 0.0139 5.94E-32
bt-558 0.0981 0.0996 0.1002 0.0144 0.0057 0.653843096
bty-288 0.3018 0.3862 0.4142 0.1973 0.0666 3.54E-08
cm4-346 0.4757 0.4991 0.5005 0.0515 0.0028 0.235161126
dap-330 0.3883 0.3796 0.4028 -0.0197 0.0654 0.417599557
fab-160 0.3044 0.2743 0.3029 -0.0751 0.1107 0.559882523
fad-185 0.4845 0.4953 0.4968 0.0579 0.0025 0.172960262
glup-354 0.1343 0.133 0.1342 -0.0245 0.0068 1
hsp27-122 0.1916 0.3313 0.3617 0.4112 0.0907 2.42E-23
hsp6-205 0.0189 0.027 0.0269 0.2790 -0.0029 0.002414598
hsp70-237 0.2808 0.2669 0.2699 -0.0496 0.0113 0.440677208
hsp70-450 0.0118 0.0118 0.0117 -0.0015 -0.0036 1
idh-313 0.3776 0.3803 0.4058 -0.0138 0.0657 0.347449655
ldl-185 0.4911 0.4923 0.4986 -0.0031 0.0142 0.865498936
mac-449 0.1985 0.1817 0.1835 -0.0824 0.0092 0.102683358
mt-iii-465 0.0072 0.0167 0.0168 0.6624 0.0076 9.12E-07
myc-80 0.4637 0.4699 0.4968 0.0118 0.0479 0.266788095
mycl-194 0.1864 0.1709 0.1729 -0.0607 0.0075 0.250795617
myc7-373 0.42 0.4438 0.4523 0.0412 0.0184 0.195800667
mych-289 0 0.0138 0.0138 1.0000 0.0058 6.06E-15
notl-322 0.5189 0.4817 0.4967 -0.0563 0.0324 0.55068004
nssl-228 0.2222 0.4912 0.4899 0.5324 -0.0016 5.37E-36
nss2-198 0.4542 0.4723 0.4797 0.0267 0.0156 0.379165676
pl-514 0.3502 0.3756 0.3903 0.0480 0.0446 0.0569512
pt-473 0.5266 0.4917 0.4963 -0.0469 0.0113 0.395075394
rpl-176 0.2586 0.3115 0.317 0.1324 0.0188 0.00126284
rpll3a-183 0.1563 0.235 0.2428 0.3246 0.0299 1.64E-12
rpll9-537 0.2926 0.2994 0.3103 0.0580 0.0386 0.046187243
rpl7-234 0.3232 0.3423 0.3562 0.0215 0.0420 0.199403849
rpo-422 0.2628 0.4378 0.4509 0.3833 0.0295 5.69E-20
rpp2-171 0.4963 0.4589 0.4652 -0.0868 0.0122 0.084883211
rpsl5-301 0.0463 0.0453 0.0452 -0.0213 0.0004 1
rps23-327 0.3419 0.3852 0.4057 0.1193 0.0613 0.000199168
stp-470 0.278 0.2906 0.293 0.0128 0.0095 0.668398903
tf-393 0.3542 0.3921 0.3917 0.0418 0.0001 0.340507853
unk-399 0.1095 0.144 0.1445 0.2050 0.0038 4.72E-05
UPP'263 .. 0.2549 0.2718 0.2772 0.0298 0.0151 0.362870935
Overall 0.0930 0.0292
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Table 4. Linkage Equilibrium Index o f Association. Bold indicates significance (p<0.007)
Population rbarD p-value
Lafayette River 0.00110 0.314
Elizabeth River 0.00080 0.328
James River 0.00432 0.023
Great Wicomico River 0.00064 0.403
Tangier Island 0.00682 0.007
Haskin NEH 0.01526 0.001
Lafayette R. 2014 spat 0.00084 0.202
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Table 5. Significant Pair-wise Linkage Disequilibrium (p<0.007). Lafayette River had no significant 
comparisons.
Elizabeth
River
loci pair p-value
James
River
loci pair p-value
Great 
Wicomico 
River 
loci pair p-value
arp-133/ 0.00106 
idh-313
dap-330/ 0.003978 
mac-449
idh-313/ 0.003488 
myc-80
cm4-346/ 0.00309 
mycl-194
fad-185/ 0.006394 
nss2-198
rpl7-234/ 0.003954 
rpo-422
idh-313/ 0.004344 
myc-80
dap-330/ 0.000792 
myc7-373
glup-354/ 0.003242 
myc7-373
arp-133/ 0.000872 
fab-160
dap-330/ 0.004594 
fad-185
pl-514/ 0.006678 
rpl-176
idh-313/ 0.001232 
rpll3a- 
183
Tangier
Island
loci pair p-value
Haskin
NEH
loci pair p-value
Lafayette 
spat 2014
loci pair p-value
nss2-198/ 0.003402 
rpsl5-30
fad-185/ 0.002492 
hsp70-23
cm4-346/ 0.001242 
myc-80
myc-80/ 0.000094 
myc7-373
m ycl-194/ < 0.001 
myc7-373
mac-449/ 0.00109 
pl-514
ldl-185/ 0.003878 
rpl-176
bty-288/ 0.000154 
upp-263
dap-330/ 0.000164 
upp-263
stp-470/ 0.000004 
upp-263
dap-330/ 0.000022 
myc-80
rpl7-234/ 0.003466 
rpp2-171
fad-185/ 0.002218 
tf-393
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Table 6. Pair-wise FST values on lower half. P-values on upper half. Bold indicates significance (p<0.02).
Lafayette Elizabeth Janies
River River River
L^ P at W fco 'r lo  Rangier NEH  
2014 _ . IslandRiver
Lafayette
River
Elizabeth
River
James
River
LR Spat 
2014
Great
Wicomico
River
Tangier
Island
NEH
-0.00119
0.78378 0.74775 0.27027 <0.001 0.99099 <0.001
0.95495 0.77477 <0.001 0.90991 <0.001
-0.00131 -0.003
0.00079 -0.00085 -0.00121
0.73874 0.00901 0.87387 <0.001
< 0.001 0.82883 < 0.001
0.00859 0.00995 0.01118 0.01476
-0.00526 -0.00328 -0.00253 -0.00163 0.01239
0.10695 0.10086 0.10749 0.09867 0.13467 0.09979
<  0.001 <  0.001
<  0.001
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Table 7. Isolation by Distance. Significance at p<0.05.
Method Mantel Spearman Reduced Major Axis
p-value rho p-value intercept slope
12 populations 0.035 0.3538462 0.003741 -0.02071982 0.005527439
11 populations 
(No Tangier) < 0.001 0.5387446 2.97E-05 -0.0196988 0.005791184
16 populations 0.019 0.2308841 0.01132 -0.020163152 0.007203568
15 populations 
(No Tangier) 0.002 0.3128758 0.001215 -0.019527681 0.007821176
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Table 8. Effective Population Estimates compared to 2011 Census Estimates from Mann et al. (2011). Ne is 
effective population size and Neb is effective number o f breeders.
Method LinkageDisequilibrium Co-ancestry
Population lower 95% Cl Ne
upper 
95% Cl
lower 
95% Cl Neb
upper 
95% Cl 2011 Survey
Lafayette
River 77.5 179.4 Infinite Infinite Infinite Infinite 1.31E+05
Elizabeth
River 278.3 Infinite Infinite 2.9 9.5 20.2 2.33E+06
James River 179.6 Infinite Infinite 0 47.4 238.1 1.68E+09
Great
Wicomico
River
90.3 478.8 Infinite Infinite Infinite Infinite 1.42E+07
Tangier
Island 50.2 101.2 595.2 1.9 4.9 9.3 7.21E+06
Haskin NEH 10.3 14.4 19.8 0.5 20.2 74.4 N/A
Lafayette 
River spat 
2014
3087.3 Infinite Infinite 0.1 58 291.4 N/A
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FIGURES
Figure 1. Sampling locations across the Chesapeake Bay. G -  Great Wicomico River; T- Tangier Island; D 
-  Deep Water Shoal, James River; W -  Wreck Shoal, James River; C -  Cruiser’s Rock, James River; B -  
Western Branch, Elizabeth River; H -  Hospital Point, Elizabeth River; L -Lafayette River
37.8°N -
37.6°N -
37.4°N -
37.2°N -
37°N -
36.8°N
/-^Norfolk,
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Figure 2. Larval oyster connectivity model output for the Lafayette and Elizabeth Rivers. The left column 
contain results for the larval release location within the Lafayette nearest to the mouth and the right column 
contain results for the larval release location within the Lafayette nearest to the head. Top row are results 
without runoff and bottom row are results with runoff. The color scale is related to oyster larvae density 
with red as the highest and blue as the lowest. Image modified from Sisson and Shen 2012.
Bottom <Day;222.00)Bottom (Day.222 00)
Bottom <Day:222.00) Bottom (Day.222.00)
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Figure 3. Spat Collector Results. Size o f circle is proportional to the number o f spat in each collector. L -  
Larchmont Reef is the location where the NEH oysters were deployed. G -  Granby Bridge Street Reef 
where the Tangier Island oysters were deployed.
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Figure 4. Summer 2014 spat shell height from Lafayette River. Upper figure: spat shell height from spat 
collectors in the Lafayette River in millimeters. Lower figure: spat counts from shellstring surveys in the 
Lafayette River summer 2014 (data courtesy o f  Chesapeake Bay Foundation). Shellstring surveys are a 
method to quantity settlem ent timing and duration for oyster research. Bars are standard error.
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Figure 5. Spat Shell Height grouped by region in Lafayette River. These are kernel density plots. Blue lines 
are individual observations, solid black line is mean per group, and dotted line is overall mean. The regions 
are mouth nearest to the Elizabeth River, mid-river, upper river, southern headwater branch, and northern 
headwater branch.
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Figure 6. Ternary Hardy-Weinberg Equilibrium (HWE) plots showing heterozygote deficiencies in all 
populations. Green dots are loci in HWE and red are out. The upper and lower lines are the exact test cutoff 
boundaries. The smooth curve in between is ideal HWE proportions.
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Figure 7. BayeScan selection parameter alpha per locus. Positive is diversifying selection and negative is
balancing or purifying.
Selection Parameter: alpha
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Figure 8. Neighbor-joining trees with nodal bootstrap support values from 1000 replicates. Upper tree is 
Edwards’ distance. Lower is Reynolds’ distance. Branches on trees are proportional to distance calculated 
by the Edwards’ (1971) algorithm (upper) or the Reyonlds’ et al. (1971) algorithm (lower).
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Figure 9. Isolation by distance reduced major axis regression. The x-axis is the natural logarithm of the 
distance in kilometers between pairwise comparisons. The y-axis is a standardized pair-wise genetic 
distance measure as calculated by Genepop software. The upper left plot groups individual samples into 
general geographic samples using the Great Wicomico River, Tangier Island, two Elizabeth River (i.e. 
Hospital Point and Western Branch), three James River (i.e. Deep Water Shoal, Cruisers Rock, and Wreck 
Shoal), and five regions in the Lafayette River as separate populations. The upper right plot is the same 
regression but with Tangier Island samples removed. The lower left plot used the same groups except that 
the Lafayette River samples are further broken into nine populations instead of five. The lower right plot 
uses the same data as the lower left except that the Tangier Island samples were removed.
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Figure 10 Barplots resulting from Structure simulations. Upper plot is simulation results k=2 including 
Haskin NEH samples with admixture and correlated allele frequencies. Lower plots are simulation results 
not including Haskin NEH samples. The two topmost are the most reasonable. The others show the 
unreasonable results obtained. LR -  Lafayette River, ER -  Elizabeth River, JR -  James River, GWR, Great 
Wicomico River, TI -  Tangier Island, NEH -  Haskin NEH, LR spat 2014 -  Lafayette River spar from 
2014. The plots’ k values in order from top to bottom are: 2, 2, 2, 3, 7, 4.
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Figure 11. Geneland simulation results for all samples mapped within the Chesapeake Bay. Contour lines 
indicate probability o f membership. Lighter color is higher probability. This simulation run clustered 
samples from Taniger Island. James, Elizabeth, and Lafayette Rivers including the 2014 spat. The dark red 
in the upper portion is the Great Wicomico River oysters that clustered separately. The dark red in the 
lower middle is the Haskin NEH oysters placed in the Lafayette River. Currently, Geneland cannot be 
parameterized to include shoreline. The results are probabilities graphed on a 2 dimensional surface.
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Figure 12 Principal component analysis (PCA) o f all samples with the missing values substituted by mean 
column values. Percent o f variance explained per axis in parentheses. LR -  Lafayette River; ER -  Elizabeth 
River; JR -  James River; GWR -  Great Wicomico River; TI -  Tangier Island; NEH- Haskin NEH; LRSp -  
Lafayette River Spat 2014. Upper figure all 38 loci included. Lower with mych-289 and mt-iii-465 loci 
removed.
•  LR 
■ ER
•  JR
A G W R 
v  TI
•  NEH 
a  LR Sp
•  LR 
■ ER
•  JR
A GW R 
v  TI
•  NEH 
a  L R Sp
-2 0 
PC1 (6.82%)
100
Figure 13. PCA of all samples with the missing values substituted by zeros. Percent o f variance explained 
per axis in parentheses. LR -  Lafayette River; ER -  Elizabeth River; JR -  James River; GWR -  Great 
Wicomico River; TI -  Tangier Island; NEH- Haskin NEH; LRSp -  Lafayette River Spat 2014. Upper 
figure all 38 loci included.. Lower with mych-289 and mt-iii-465 removed.
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Figure 14. Correspondence analysis (CA) using 38 loci. Percent o f correlation explained per axis in 
parentheses. L -  Lafayette River; E -  Elizabeth River; J -  James River; G -  Great Wicomico River; T -  
Tangier Island; N- Haskin NEH; S -  Lafayette River Spat 2014. Upper figure includes all samples. Lower 
figure with Haskin NEHs removed.
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Figure 15. CA with 38 loci and NEH, Great Wicomico River, and Tangier Island removed. Percent of 
correlation explained per axis in parentheses. L -  Lafayette River; E -  Elizabeth River; J -  James River; S 
-  Lafayette River Spat 2014.
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APPENDIX
SNPtype Genotyping on Fluidigm BioMark HD Protocol
STA Protocol
Note: Specific target amplification (STA) is pre-amplification step that is highly 
recommended for any potentially low quality DNA before samples are used in the 
SNPtype Assay. The STA protocol is not required for SNPtype assays if the samples are 
of high quality and appropriate concentration that is ~ 60 ng/pF of human genome size 
equivalent (note: more concentrated DNA can be used if the organism has a smaller 
genome than humans at -3,200 Mb). If you want to perform STA, it is recommended 
that the minimum sample concentration is 10 ng/pL.
1) Prepare lOx SNPtype STA Primer Pool. Primers come from Fluidigm in 96-well 
plates regardless of the number of primers ordered. Combine all primers in one 
strip-tube using a multi-channel pipette, then combine the contents from all 8 wells 
into one 1.5 mL tube. Use the table below to create the STA Primer Pool (this 
primer pool is enough for about 13 STAs).
Reagent Volume (pF) Final Concentration
100 pM SNPtype Assay 
STA Primer
2 (x 48 = 96) 500 nM
100 pM SNPtype Assay 
STA Primer
2 (x 48 = 96) 500 nM
DNA Suspension Buffer 208 -
Total 400 -
2) Prepare STA Pre-Mix. Combine the following reagents in a single 1.5 mL tube.
Reagent Volume (pL)/rxn Volume (pF)/rxn x 60
Qiagen 2x Multiplex 
PCR Master Mix
2.5 150
lOx SNPtype STA Primer 
Pool
0.5 30
PCR water 0.75 45
Genomic DNA 1.25 -
Total 5.0 225
Pipette 225 pF evenly into an 8-strip-tube (28.125 pF per well).
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3) Pipette 3.75 pL of the STA Pre-Mix using a multi-channel pipette into a 96 well 
PCR plate. Pipette 1.25 pL of genomic DNA using a multi-channel pipette into 
the same 96 well PCR plate. Seal the PCR plate, vortex for 20 seconds, centrifuge 
for 30 seconds, and then proceed to thermocycler.
4) Thermocycle using the following parameters:
Hold 14 cycles
Temperature 95°C 95°C 60°C
Time 15 minutes 15 seconds 4 minutes
5) Dilute STA products 1:100 in DNA suspension buffer. Store dilutions at -20°C 
until next step.
SNPtype Protocol
A) Preparing Assays and sample mixes for loading
1) Thaw primer plates at room temperature, vortex the plates for 20 seconds (note: 
insure they are sealed), and centrifuge for 30 seconds.
2) In 96-well plate, combine reagents to make Assay Mix using a multi-channel 
pipette.
Reagent Volume (pL) Final Concentration
SNPtype Assay 
ASP1/ASP2 (100 pM 
each)
3 7.3 pM
SNPtype Assay LSP (100 
M-M)
8 20 pM
DNA Suspension Buffer 29 -
Total 40 -
This is enough for 40 reactions. Store remaining primer mix at -20°C after usage.
3) Prepare Assay Pre-Mix in a single 1.5 mL tube.
Reagent Volume (pL)/rxn Volume (pL)/rxn x 60
2x Assay Loading 
Reagent
2.5 150
PCR water 1.5 90
Total - 240
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Pipette 240 pL evenly into an 8-strip-tube (30 pL per well).
4) Prepare lOx Assay, combine 4 pL of Assay Pre-Mix (step 3) and 1 pL Assay 
Mix (step 2) in a 96-well PCR plate using a multi-channel pipette.
5) Prepare the Sample Pre-Mix in a single 1.5 mL tube.
Reagent Volume (pL)/rxn Volume (pL)/rxn x 60
Biotium 2x Fast Probe 
Master Mix
3 180
20x SNPtype Sample 
Loading Reagent
0.3 18
60x SNPtype Reagent 0.1 6
ROX 0.036 2.2
PCR water 0.064 3.8
Genomic DNA 2.5 -
Total 6.0 210
Pipette 210 pL evenly into a strip-tube (26.25 pL per well).
6) Combine 3.5 pL of Sample Pre-Mix with 2.5 pL genomic DNA in a 96-well 
PCR plate. Seal the plate and vortex for 20 seconds, then centrifuge for 30 
seconds.
Note: At least one NTC is needed for auto-calling function to operate properly by 
the analysis software for non-SNPtype Assays, might be a good idea to use one 
anyway.
B) Preparing Dynamic Array IFC and Loading of Assays and Sample Mixes
1) Inject control line fluid into both sides of the 48.48 IFC (Figure 1).
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Inject Control Line Fluid
Figure 1. 48.48 Dynamic Array IFC assay and sample inlets
2) Place IFC into IFC Controller MX (remember to match the A notch on the plate 
with the tray). Run the Prime (124x) script for the 48.48 IFC (approximately 10 
minutes?).
3) After priming is complete, the IFC needs to be ejected to load the Assay and 
Samples Mixes. Pipette 4 pL of lOx Assay Mix into each appropriate assay inlet 
on the IFC (Figure 2). Pipette 5 pL of the Sample Mix into each appropriate 
sample inlet on the IFC identically to the Assay Mix loading sequence.
\ x'
Figure 2.48.48 Dynamic Array IFC pipetting schema
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(Note: Protective blue film needs to be removed from the bottom of the IFC 
before loading into the BioMark HD. This will melt onto the thermocycler block 
and make for very unhappy labmates).
4) Place the IFC into the IFC Controller MX (remember to match the A notch on the 
plate with the tray). Run the Load Mix (124x) script for the 48.48 IFC 
(approximately 50 minutes?).
5) After loading is complete, the IFC needs to be ejected and then loaded into the 
BioMark HD system (remember to match the A notch on the plate with the tray).
6) Open Data Collection Software icon on desktop. Click Start a New Run (it is 
prudent to turn the BioMark on earlier and let the camera and lamp warm up).
7) Select New or Predefined chip run. Browse for a good file location to store data. 
Select Application Type: Genotyping; Select Passive Reference ROX; Select 
Protocol: SNPtype 48x48 vl; Select probe types: SNPtype-FAM and SNPtype- 
HEX. Confirm Auto Exposure. Verify chip information. Click Start Run.
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